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Abstract 
For a hypothetical solar community located in Toronto, Ontario, the viability of two separate 

combined heating and cooling systems were investigated. Four TRNSYS integrated models were 

developed for different cases. First, an existing heating only solar community was modeled and 

compared with published performance data as the base case with suggested improvements. The 

base case community was then used to develop a hypothetical solar community, located in 

Toronto, requiring both heating and cooling. In this second model an absorption chiller was 

added – Solar Thermal Chiller (STC) system. The chiller received its source heat from the solar 

thermal system with the supplemental heat from a natural gas boiler. The STC system was 

designed with two borehole thermal energy storage units (BTES). One was high-temperature 

BTES for the solar thermal energy storage, and another was medium-temperature BTES for the 

chillers’ heat rejection. The twenty year simulation results showed that by the fifth year in the 

heating season, the community operated with 100% solar fraction (SF). In the cooling season, the 

chiller received 18% of its required energy from the same number of solar collectors as the 

heating-only community system. The third model was based on the central heat pump system 

with borehole thermal storage for the heating and cooling, using a PV system as the heat pump 

power source - Heat Pump Photovoltaics (HPPV) system. The simulation results showed that the 

system operated favorably from the first year and did not have any significant performance 

degradation in 20 years. On average, the heat pumps performed with the seasonal COP of 3.3 in 

the heating mode and 5.9 in the cooling mode. The fourth system, Solar Thermal-Heat Pump 

Photovoltaics (ST-HPPV), a solar thermal system with borehole thermal energy storage as a 
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supplemental heat source to the HPPV, was investigated. The simulation results showed that this 

system would be beneficial for a community with the annual heating and cooling difference of 

more than 75%. By adding a solar thermal system to the HPPV system, the heat pumps’ 

performance improved by 26% in the heating mode, and exhibited a negligible drop in the 

cooling mode.  
  



v 
 

Acknowledgements 
I would like to express my great thankful and appreciation to my supervisor Dr. Alan Fung for 

his valuable suggestions and helpful support throughout the time and development of this 

research. Also, I would like to thank Dr. David Naylor and Dr. Wey Leong for their time and 

willingness to guide and provide the technical support. Without their motivation, immense help 

and interest, I would not be able to accomplish the dissertation successfully. 

 

My special thanks to Dr. Mark Rosen from UOIT for his supports and contributions on 

publishing a journal paper from Chapter 3 of this thesis.  

  

I would like to thank the Natural Sciences and Engineering Research Council (NSERC) of 

Canada and the NSERC Smart Net-Zero Energy Building Strategic Research Network 

(SNEBRN) for their financial support of this research. 

 

Lastly, but most importantly, I would like to thank my wife Roya for her encouragement and 

support during the production of this thesis. 

  



vi 
 

Dedication 
 

My work is dedicated to my wife (Roya) and my daughters (Kathy, Kimia, and Kiana). 

 

 

 

  



vii 
 

Table of Contents 
Author’s Declaration ....................................................................................................................... ii 

Abstract .......................................................................................................................................... iii 

Acknowledgements ......................................................................................................................... v 

Dedication ...................................................................................................................................... vi 

List of Tables ................................................................................................................................. xi 

List of Figures .............................................................................................................................. xiii 

Nomenclature .............................................................................................................................. xvii 

Abbreviations ................................................................................................................................ xx 

 : Introduction .................................................................................................................. 1 Chapter 1

1.1 Motivation ............................................................................................................................. 2 

1.2 Purpose and goal of the research .......................................................................................... 3 

1.3 Scope of work and approach to research .............................................................................. 3 

 : Literature Review ......................................................................................................... 6 Chapter 2

2.1 Solar communities with Seasonal Thermal Energy Storage (STES) .................................. 6 

2.1.1 Underground seasonal thermal energy storage technologies .................................... 7 

2.1.1.1     Hot water thermal energy storage (HWTES)...................................................... 8 

2.1.1.2     Gravel-water thermal energy storage (GWTES) ................................................ 9 

2.1.1.3     Aquifer thermal energy storage (ATES) ........................................................... 11 

2.1.1.4     Borehole thermal energy storage (BTES) ......................................................... 12 

2.1.1.5     Comparison of the storage concepts ................................................................. 13 

2.1.2 BTES – high, medium, and low temperature design .............................................. 14 

2.1.2.1    Field experiences with BTES............................................................................. 20 

2.2  Solar communities with cooling systems .......................................................................... 22 

2.2.1 Examples of installation of solar assisted cooling system ...................................... 25 



viii 
 

2.3  Literature Review Summary ............................................................................................. 28 

 : Solar Community Heating System with Borehole Thermal Energy Storage ............. 29 Chapter 3

3.1 System configuration and community thermal load ........................................................... 30 

3.2 System major equipment configuration and model ............................................................ 34 

3.2.1 Solar collectors............................................................................................................. 35 

3.2.2 Borehole thermal storage (BTES) system.................................................................... 37 

3.2.3 Short term storage tank (STST) ................................................................................... 43 

3.2.4 Heat exchangers and pumps......................................................................................... 46 

3.2.5 Backup boiler and climate data .................................................................................... 46 

3.3 System simulation results ................................................................................................... 46 

3.3.1 BTES performance....................................................................................................... 46 

3.3.2 System energy and performance .................................................................................. 48 

3.3.3 Results comparison ...................................................................................................... 50 

3.4 System cost comparisons .................................................................................................... 52 

3.5 Conclusion .......................................................................................................................... 52 

 : Combined Heating and Cooling System for a Solar Community with Borehole Chapter 4

Thermal Storage ............................................................................................................................ 54 

4.1 System layout ...................................................................................................................... 54 

4.2 The community heating and cooling load ........................................................................... 57 

4.3 System major equipment and methodology ........................................................................ 58 

4.3.1 Solar collectors............................................................................................................. 60 

4.3.2 High-temperature BTES .............................................................................................. 60 

4.3.3 Medium temperature BTES ......................................................................................... 60 

4.3.4 Short term storage tank ................................................................................................ 62 

4.3.5 Heat exchangers and pumps......................................................................................... 63 



ix 
 

4.3.6 Backup boiler and climate data .................................................................................... 63 

4.3.7 Absorption chiller ........................................................................................................ 64 

4.3.8 Pumps ........................................................................................................................... 65 

4.4 System specifications summary .......................................................................................... 66 

4.5 Simulation results................................................................................................................ 66 

4.6 System cost comparison ...................................................................................................... 75 

4.7 Conclusion .......................................................................................................................... 76 

 : Community Heating and Cooling with the Central Heat Pump and Borehole Thermal Chapter 5

Energy Storage System ................................................................................................................. 78 

5.1 System layout ...................................................................................................................... 78 

5.2 The community heating and cooling load ........................................................................... 79 

5.3 System major equipment and methodology ........................................................................ 80 

5.3.1 Heat pumps .................................................................................................................. 81 

5.3.2 Short term storage tank (STST) ................................................................................... 82 

5.3.3 Medium-temperature BTES ......................................................................................... 84 

5.3.4 Pumps ........................................................................................................................... 84 

5.3.5 Climate data ................................................................................................................. 84 

5.3.6 Solar photovoltaic (PV) panel ...................................................................................... 84 

5.4 Overall system specifications ............................................................................................. 86 

5.5 Simulation results................................................................................................................ 87 

5.6 System cost comparison ...................................................................................................... 94 

5.7 Conclusion .......................................................................................................................... 95 

 : Solar Community Heating and Cooling System with Central Heat Pump and Chapter 6

Borehole Thermal Energy Storage System ................................................................................... 96 

6.1 System layout ...................................................................................................................... 96 

6.2 The community heating and cooling load ........................................................................... 99 



x 
 

6.3 System major equipment and methodology ........................................................................ 99 

6.3.1 Heat pumps .................................................................................................................. 99 

6.3.2 Heat pump short term storage tank (HP-STST) ......................................................... 101 

6.3.3 Solar short term storage tank (Solar-STST)............................................................... 101 

6.3.4 Medium-temperature BTES (HP-BTES) ................................................................... 102 

6.3.5 High-temperature BTES (solar-BTES) ...................................................................... 102 

6.3.6 Solar thermal collectors ............................................................................................. 102 

6.3.7 Solar photovoltaic (PV) panels .................................................................................. 102 

6.3.8 Pumps and climate data ............................................................................................. 103 

6.4 Overall system specifications ........................................................................................... 103 

6.5 Simulation results.............................................................................................................. 105 

6.6 Simulation results discussions .......................................................................................... 111 

6.7 System cost comparisons .................................................................................................. 115 

6.8 Conclusion ........................................................................................................................ 116 

 : Conclusions and Future Work .................................................................................. 118 Chapter 7

7.1 Summary and conclusions ................................................................................................ 118 

7.2 Dissertation contribution ................................................................................................... 121 

7.3 Future work and recommendations ................................................................................... 122 

Appendix A: Solar thermal collector manufacturer data sheets ................................................. 124 

Appendix B: Chiller manufacturer data sheets ........................................................................... 127 

Appendix C: Chiller performance data ....................................................................................... 129 

Appendix D: Heat pump manufacturer data sheets .................................................................... 207 

Appendix E: Heat pump performance data ................................................................................. 216 

Appendix F: Photovoltaic panel manufacturer data sheets ......................................................... 228 

References ................................................................................................................................... 230 



xi 
 

List of Tables 
 

Table 2-1 Thermal and physical properties of water vs. gravel-water (Pavlov et al., 2011) ........ 10 

Table 2-2 Hot water thermal energy storage (HWTES) vs. gravel-water thermal energy storage 

(GWTES) (AEE INTEC, 2008) .................................................................................................... 10 

Table 2-3 Comparison of storage concept (Schmidt et al., 2003) ................................................ 14 

Table 2-4 Examples of Swedish BTES (Nordell et al., 2000) ...................................................... 20 

Table 2-5 Central heating plant with BTES (Pavlov et. al., 2011) ............................................... 21 

Table 2-6  Examples of solar cooling commercial projects in Europe (Delorme at al., 2004) ..... 26 

Table 3-1 DLSC building envelope features ................................................................................ 32 

Table 3-2 Solar collector parameters ............................................................................................ 36 

Table 3-3 Ground loop heat exchanger parameters ...................................................................... 42 

Table 3-4 Short Term Storage Tank (STST) parameters .............................................................. 45 

Table 3-5 Year one and year two simulation summary ................................................................ 50 

Table 3-6 Year three to year five simulation summary ................................................................ 50 

Table 3-7 System specifications summary ................................................................................... 51 

Table 3-8 Comparison of costs for the DLSC and proposed systems .......................................... 52 

Table 4-1 Chiller ground loop heat exchanger parameters – Type 557 ........................................ 61 

Table 4-2 Chiller performance data .............................................................................................. 65 

Table 4-3 Pumps’ specification summary..................................................................................... 65 

Table 4-4 System major components summary ............................................................................ 66 

Table 4-5 Annual chiller source and sink energy ......................................................................... 67 

Table 4-6 Annual maximum and minimum ground temperatures ................................................ 69 

Table 4-7 Solar-BTES and chiller-BTES annual energy .............................................................. 71 



xii 
 

Table 4-8 System energy related to the heating mode .................................................................. 73 

Table 4-9 Annual pumping energy consumptions for the year-one and the year-five ................. 75 

Table 4-10 Solar-thermal-chiller (STC) system cost comparison with the DLSC and modified 

DLSC system ................................................................................................................................ 76 

Table 5-1 Individual heat pump specifications by the manufacturer ............................................ 81 

Table 5-2 Heat pump parameters - Type 927 ............................................................................... 83 

Table 5-3 Storage tank parameters - Type 4 ................................................................................. 83 

Table 5-4 Photovoltaic panels parameters .................................................................................... 85 

Table 5-5 Photovoltaic array parameters – Type 194 ................................................................... 86 

Table 5-6 System major components summary ............................................................................ 86 

Table 5-7 Annual heat pumps energy and performance ............................................................... 88 

Table 5-8 Minimum, maximum and average ground temperatures and temperature swing ........ 90 

Table 5-9 Heat pump system cost of the DLSC and modified DLSC systems ............................ 94 

Table 6-1 Pump specification summary ..................................................................................... 103 

Table 6-2 ST-HPPV system major components summary ......................................................... 104 

Table 6-3 Annual heat pumps energy and performance of ST-HPPV system ........................... 106 

Table 6-4 Community heating and cooling load scenarios ......................................................... 112 

Table 6-5 COPs - Community heating and cooling load scenarios ............................................ 112 

Table 6-6 Annual pumping energy – ST-HPPV system ............................................................. 114 

Table 6-7 Electricity and PV panel requirements for the different scenarios ............................. 115 

Table 6-8 ST-HPPV system overall COPs ................................................................................. 115 

Table 6-9 Cost comparisons of different proposed heating and cooling systems ....................... 116 

  



xiii 
 

List of Figures 
 

Figure 1-1 Research scope and modeling process flowchart .......................................................... 5 

Figure 2-1 Central solar heating plant with seasonal storage (Schmidth et al., 2003) ................... 7 

Figure 2-2 Different types of seasonal sensible thermal energy storage solutions (Socaciu, 2011)

......................................................................................................................................................... 8 

Figure 2-3 Construction of hot water heat stores in Friedrichshafen (left) and Hannover (right) 

(Schmidt et al., 2003) ...................................................................................................................... 9 

Figure 2-4 Gravel and water store used in Steinfurt (Schmidt et al., 2003) ................................. 10 

Figure 2-5 Aquifer thermal energy storage (Socaciu, 2011) ........................................................ 11 

Figure 2-6 Different types of borehole heat exchangers (Schmidt et al., 2003) ........................... 13 

Figure 2-7 Physical ways to convert solar radiation into cooling (Henning, 2007) ..................... 24 

Figure 2-8 COP curves of sorption chillers (Henning, 2007 and Grossman, 2002) ..................... 24 

Figure 2-9 Operation of the solar cooling system installed at the University Hospital in Freiburg 

during a typical summer day (Henning, 2007) ............................................................................. 27 

Figure 3-1 Drake Landing Solar Community (DLSC) simplified system schematic ................... 30 

Figure 3-2 Solar community heating system with BTES - simplified system schematic ............. 31 

Figure 3-3 Simulated community hourly heating load – DLSC replicate .................................... 32 

Figure 3-4 Simulated community monthly heating demand – DLC replicate .............................. 33 

Figure 3-5 Time of the day heating load in the month of January (simulated) ............................ 33 

Figure 3-6 Solar community heating system with BTES - TRNSYS model schematic ............... 34 

Figure 3-7 Borehole circuit piping schematic ............................................................................... 38 

Figure 3-8 Borehole field layout and piping ................................................................................. 39 

Figure 3-9 Representation of energy flows into a tank’s node ..................................................... 43 



xiv 
 

Figure 3-10 Simplified schematic of short term storage tank ....................................................... 45 

Figure 3-11Annual BTES system accumulated energy and average temperature ........................ 47 

Figure 3-12 Annual accumulated thermal energy injected into and extracted from the BTES .... 48 

Figure 3-13 Five-year annual accumulated system energy ........................................................... 49 

Figure 3-14 Annual system energy ............................................................................................... 49 

Figure 3-15 Solar fraction comparison, DLSC vs. proposed system ............................................ 51 

Figure 4-1 Overall system schematic – Solar community space heating and cooling system with 

high and medium temperature BTES ............................................................................................ 55 

Figure 4-2 System schematic– Solar community space heating and cooling system with high and 

medium temperature BTES - Heating mode ................................................................................. 56 

Figure 4-3 System schematic– Solar community space heating and cooling system with high and 

medium temperature BTES - Cooling mode ................................................................................ 56 

Figure 4-4 Community hourly heating and cooling load .............................................................. 57 

Figure 4-5 Community monthly heating and cooling demand ..................................................... 58 

Figure 4-6 TRNSYS heating and cooling model schematic ......................................................... 59 

Figure 4-7 Short Term Storage Tank - simplified schematic ....................................................... 63 

Figure 4-8 Chiller source and sink energy - five years ................................................................. 67 

Figure 4-9 Chiller energy - year 1, 5, 10, 15 and 20 ..................................................................... 68 

Figure 4-10 Solar and chiller BTES average hourly ground temperature – twenty years ............ 69 

Figure 4-11 Solar-BTES and chiller-BTES annual energy comparison ....................................... 71 

Figure 4-12 Annual system accumulated energy, heating – five years ........................................ 72 

Figure 4-13 System energy comparison related to heating mode ................................................. 72 

Figure 4-14 Community Solar Fraction (SF) in heating and cooling mode ................................. 74 



xv 
 

Figure 4-15 Annual pumping energy comparisons for the year-one and the year-five ................ 74 

Figure 5-1 Overall system schematic - HPPV system .................................................................. 79 

Figure 5-2 TRNSYS heat pump heating and cooling model schematic – HPPV system ............. 80 

Figure 5-3 Heat pump accumulated annual energy - five years ................................................... 87 

Figure 5-4 Heat pumps’ energy in heating mode - year 1, 5, 10, 15 and 20................................. 88 

Figure 5-5 Heat pumps’ energy in cooling mode - year 1, 5, 10, 15 and 20 ................................ 89 

Figure 5-6 Annual accumulated pumping energy of the heat pumps’ hydronic loops ................. 90 

Figure 5-7 BTES hourly average ground temperature - twenty years .......................................... 91 

Figure 5-8 Minimum, maximum and average ground temperature - twenty years ...................... 91 

Figure 5-9 BTES hourly inlet and outlet fluid temperature and average ground temperature ..... 92 

Figure 5-10 Annual PV system hourly and cumulative electricity generation ............................. 93 

Figure 6-1 Overall ST-HPPV system schematic .......................................................................... 97 

Figure 6-2 ST-HPPV system schematic in cooling mode ............................................................ 98 

Figure 6-3 ST-HPPV system schematic in heating mode ............................................................. 98 

Figure 6-4 TRNSYS solar thermal-heat pump-PV (ST-HPPV) model schematic ..................... 100 

Figure 6-5 Solar Thermal Short Term Storage Tank (solar-STST) - simplified schematic ....... 101 

Figure 6-6 Heat pumps’ energy - heating mode – ST-HPPV vs. HPPV (BC) ........................... 106 

Figure 6-7 Heat pumps’ energy - cooling mode – ST-HPPV vs. HPPV (BC) ........................... 107 

Figure 6-8 Heat pumps COPs – ST-HPPV vs. HPPV (BC) ....................................................... 107 

Figure 6-9 Heat pumps hourly COPs – ST-HPPV system - five years ...................................... 108 

Figure 6-10 Heat pumps COPs – HPPV system as the Base Case (BC) - five years ................. 108 

Figure 6-11 Solar energy generation and solar-BTES In/Out energy - twenty years ................. 109 

Figure 6-12 Solar and heat pump BTES average ground temperature - twenty years ............... 110 



xvi 
 

Figure 6-13 Heat pump BTES average ground temperature - solar thermal heat pump (ST-

HPPV) vs. HPPV (BC) - twenty years........................................................................................ 111 

Figure 6-14 Heat pump COPs in reduced community cooling loads – heating mode ................ 113 

Figure 6-15 Heat pump COPs in reduced community cooling load – cooling mode ................. 113 

 

  



xvii 
 

Nomenclature 
 

Ac,i cross-section area of node i segment (m2) 

As,i surface area of node i segment (m2) 

Cp tank fluid specific heat (J/kgK) 

C volumetric heat capacity of soil (J/m3K) 

DT thermal moisture diffusivity (kg/msK), DT = DTL + DTV 

DTL thermal water diffusion (kg/msK) 

DTV thermal vapour diffusion (kg/msK) 

DT
* thermal moisture diffusivity in freezing soil (kg/msK) 

Dθ isothermal moisture diffusivity (kg/msK) , Dθ = DθL + DθV  

DθL water diffusion caused by moisture gradient (kg/msK) 

DθV vapour diffusion caused by moisture gradient (kg/msK) 

Dθ
* isothermal moisture diffusivity in freezing soil (kg/msK) 

di, do inside and outside diameter of heat exchanger tubes (m) 

ho outside convection coefficient for internal heat exchanger (W/m2K) 

HL specific evaporation enthalpy of water (J/kg) 

K soil hydraulic conductivity (m/s) 

K* soil hydraulic conductivity in freezing soil (m/s) 

L latent heat of vaporization of water (kJ/kg) 

Lf latent heat of fusion of water (kJ/kg) 

ku unsaturated water conductivity (m/s) 

Mi mass of node i (kg) 

ṁ1in mass flowrate entering at inlet 1 (kg/s) 

ṁ2in mass flowrate entering at inlet 2 (kg/s) 

ṁ1out mass flowrate leaving at outlet 1 (kg/s) 

ṁ2out mass flowrate leaving at outlet 2 (kg/s) 

ṁdown bulk fluid flowrate down the tank (kg/s) 

ṁup bulk fluid flowrate up the tank (kg/s) 

n  normal outward direction  

qadv advection heat gain due to rainfall (W) 



xviii 
 

qet latent heat by evapotranspiration (W) 

qh convective heat transfer of sensible heat from air (W) 

qli heat supplied by long-wave radiation from atmosphere (W) 

qlr heat emission and reflection of long-wave radiation (W) 

qn heat flow from the ground (W) 

qsi heat supplied by incoming short-wave radiation from sun (W) 

qsr heat loss due to reflection of incoming short-wave radiation (W) 

R thermal resistance (m2K/W) 

t  time (s) 

T temperature (˚C, K) 

Tf ground pipe fluid temperature (˚C, K) 

Ts average soil temperature at two radius distance away from the pipe (˚C, K) 

Tsp temperature of the soil at soil-pipe boundary (˚C, K) 

T1in temperature at inlet 1 (˚C, K) 

T1out temperature at outlet 1 (˚C, K) 

T2in temperature at inlet 2 (˚C, K) 

T2out  temperature at outlet 2 (˚C, K) 

Tenv environmental temperature (˚C, K) 

Ti temperature of node i (˚C, K) 

UAhx heat exchanger overall UA value (W/K) 

Ui total loss coefficient for node i (W/m2K) 

Utank loss coefficient (per unit area) of the tank (W/m2K) 

Z elevation (depth) (m) 

 

Greek symbols 

ε phase conversion factor 

Φ total potential for moisture flow 

λ  thermal conductivity of soil (W/mK) 

θ volumetric moisture content (m3/m3) 

ρ density (kg/m3) 

υet flux density of evapotranspiration (kg/m3s) 



xix 
 

υm snow melt water flux (kg/m3s) 

υn moisture flux from ground (kg/m3s) 

υr flux density of rainfall (kg/m3s) 

Δk de-stratification conductivity (W/mK) 

Δxi+1→i  center to center distance between node “i” and the node below it (i+1) 

Δxi-1→i  center to center distance between node “i” and the node above it (i-1) 

Subscripts 

c cooling 

co convective 

f  frozen 

i ice 

l liquid 

pf partly frozen 

pw pipe wall 

s soil  

tc contact at soil-pipe interface 

v vapour 

  



xx 
 

Abbreviations 
 

AGT Average Ground Temperature 
ASHRAE American Society of Heating, Refrigeration and Air-Conditioning Engineers 
ATES Aquifer Thermal Energy Storage 
BC Base Case 
BTES Borehole Thermal Energy Storage 
CHP Combined Heat and Power 
COP Coefficient of Performance 
CWEC Canadian Weather Year for Energy Calculation  
DLSC Drake Landing Solar Community  
DST Duct Storage Model 
ESTTP European Solar Thermal Technology Platform  
FCL Full Cooling Load 
FDM Finite Difference Method 
GHEADS Ground Heat Exchanger Analysis Design and Simulation  
GWTES Gravel Water Thermal Energy Storage 
HDPE High-Density Polyethylene  
HFL Half Cooling Load 
HP Heat Pump 
HPPV Heat Pump Photovoltaic 
HP-STST Heat Pump Short Term Storage Tank 
HWTES Hot Water Thermal Energy Storage 
IAM Incident Angle Modifier  
IEA International Energy Agency 
LiBr Lithium Bromide 
MWth Megawatt-thermal 
NRCan Natural Resources Canada 
PV Photovoltaic 
QCL Quarter Cooling Load 
SF Solar Fraction 
SSTES Sensible Seasonal Thermal Energy Storage  



xxi 
 

ST Solar Thermal  
STC Solar Thermal Chiller 
ST-HPPV Solar Thermal Heat Pump Photovoltaic 
STST Short Thermal Storage Tank 
TRNSYS TRanNsient SYstem Simulation Program 
VGHE Vertical Ground Heat Exchanger  

    

 



1 
 

 : Introduction Chapter 1
 

There is a significant demand to accelerate the development and implementation of 

advanced clean energy technologies for solving the existing challenges of the energy crisis, 

climate change, and sustainable processes. Solar heating and cooling technologies are a real 

clean energy solution. Solar heat can substantially contribute to the world’s energy needs. In 

2009, International Energy Agency (IEA) reported that “global energy demand for heat 

represented 47% of the final energy used, higher than the final energy for electricity (17%) and 

transportation (27%) combined.” The IEA technology roadmap (2012) for solar heating and 

cooling predicts that, by 2050, more than 16% of total final energy use for low-temperature heat 

(<100˚C) and 17% of total energy used for cooling, will come from solar sources. Therefore, 

solar thermal energy will become a necessary and important part of the future energy mix for 

heating and cooling. Based on the European Solar Thermal Technology Platform (ESTTP, 2007) 

report, in a renewable heating and cooling portfolio, solar thermal (ST) has the following specific 

benefits: 

1) ST always helps to reduce primary energy consumption;  

2) ST can be used as a hybrid with almost all kinds of backup heat sources;  

3) ST is a source of renewable heat and cooling technologies and relies on a relatively 

inexhaustible resource; 

4) ST can reduce electricity demand, which could reduce investments and increase power 

generation and transmission capacities; 

5) ST could be used nearly everywhere with some limitation at very high latitudes; 

6) ST prices are predictable and do not depend on the future of other energy prices such as 

oil, gas, biomass, or electricity prices; and 

7) The life-cycle environmental impact of ST systems is extremely low.  

Therefore, solar thermal could be the absolute best option for satisfying the long-term 

heating and cooling energy demands.  

According to the ESTTP report (2007), around 9% of the total heating needs in Europe 

are provided by community and district heating systems. In district heating systems, solar 

thermal energy can be generated on a large-scale with relatively low specific costs. Solar assisted 
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district energy system has been proven to be viable in high latitudes as well, such as in Sweden, 

Denmark, and Canada.  

In Europe, on a large-scale, the first solar heating plants were constructed 30 years ago, 

and the first solar cooling plants were constructed over ten years ago. From 1979 to the middle of 

2011, 141 heating and 13 cooling plants were built which all have more than 500 m2 solar 

collector area or greater than 350 kW nominal thermal power (Dalenback and Werner, 2012). 

The development started two decades ago when large-scale systems began to be built in a 

number of countries.  The solar heating plants need large collector areas. Therefore, the market 

for large-scale solar collectors has been increasing since 2007 despite a modest increase in such 

plants per year. The largest plants for solar district heating are located in Denmark (13 MWth) 

and Sweden (7 MWth). 

In communities where solar thermal collectors are part of heating and cooling systems, 

thermal energy storage is normally used. Since the solar heat production varies during the days in 

a year, diurnal storage is one solution to store heat when there is no need for the heat from the 

solar collectors. 

1.1 Motivation 
Numerous studies have been done on solar district energy systems with thermal storage 

which are mainly either for heating or cooling only. A combined heating and cooling system 

which could have both systems integrated together has not yet been addressed. There are 

questions about the viability of such a system with the integration of two seasonal thermal 

storage systems at different temperatures, i.e., one seasonal thermal storage system to store 

thermal energy harvested from the sun and another to store rejected heat from the cooling 

system. The interaction and control of the two storage units at different temperatures would also 

be a challenge, and is not clear how to extract the maximum thermal energy out of the storage to 

use it for the community heating and cooling demand. There is thermally driven cooling 

equipment that is commercially available in the market, and there are challenges to integrating a 

suitable system into the heating system.  A control system, to optimize the operation on a 

community-scale, needs to be designed and tested too. 

Additionally, a low-temperature heat source, suitable for the use with heat pumps for the 

solar communities is another option for the heating and cooling system. In this scheme, the 

source energy production for the heat pumps and its related storage system will be smaller in 
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size, compared to the other systems. This could make the entire system more financially feasible 

while not compromising the energy efficiency of the system. 

1.2 Purpose and goal of the research 
The main objective of this thesis is to investigate the viability of combined solar heating 

and cooling systems at the community level by modeling, simulation, and energy analysis. An 

existing heating-only solar community is modeled, and the results are compared with the 

published performance data. The modeled community system is for the heating-only and is used 

as the base case for adding a cooling component. Two scenarios for adding a cooling system to 

the proposed community are presented. One uses an absorption chiller as the cooling component 

which receives its source heat from the sun and its supplemented heat from a natural gas boiler. 

The second scenario uses a heat pump system that rejects heat into the borehole thermal storage 

system in the cooling season and receives source heat from the stored solar energy and summer’s  

rejected heat during the heating season. 

1.3 Scope of work and approach to research 
The thesis is presented in seven chapters as follows: 

1- Chapter 2 covers a comprehensive literature review on solar communities with 

different storage systems and provides the advantages and disadvantages of each 

type. Existing works on solar cooling systems are also investigated. 

2- In Chapter 3, a TRNSYS model on an existing solar community (for heating only) 

is developed, and the simulation results are compared with the actual field 

performance results. 

3- Chapter 4 presents an integrated model for the solar community’s heating and 

cooling by adding an absorption chiller as a cooling component to the current 

heating-only model. 

4- In Chapter 5, by using the same selected community heating and cooling load, a 

new system with a geo-exchange heat pump powered by PV is modeled. This 

system functions without solar thermal integration. Other than investigating the 

viability of such a system, this model will be used to develop a new model with a 

solar thermal integration. 
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5- Chapter 6 presents a solar community with a central heat pump system. The heat 

pumps receive their source energy from the harvested solar energy that has a 

lower temperature source compared to the case with the absorption chiller. In the 

cooling mode, the heat rejected from the heat pumps is stored in a borehole 

system and is used in the heating mode in conjunction with the solar thermal 

storage system. 

6- Chapter 7 summarizes the main results plus the conclusion of the work and 

suggestions for future work. 

Figure 1-1 represents the flowchart for the overall scope and the modeling steps of this 

research. 
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Figure 1-1 Research scope and modeling process flowchart 
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 : Literature Review Chapter 2

2.1 Solar communities with Seasonal Thermal Energy Storage (STES) 

At the community scale, when solar thermal collectors are used during a season or a year, 

there is the inconsistent availability of the solar energy which could be used for the heating or 

cooling system. There are times that solar irradiation is not needed, or thermal energy production 

is more than the demand. In order to capture the thermal energy produced during the unwanted 

time, thermal energy storage would be a solution as an integrated part of the district energy 

system. The thermal energy stored could be used during the time when the solar fraction is low, 

like winter time or during the nights. Thermal storage helps to utilize the maximum solar energy 

harvested in a year. It also could balance the community energy demand versus thermal heat 

generation through solar collectors. In the Combined Heat and Power (CHP) system, thermal 

energy storage could decouple the thermal production from the electricity production. While the 

CHP system generates heat and electricity simultaneously, the unwanted or surplus heat 

production can be stored and saved for the time when the thermal energy is required (Schmidt 

and Miedaner, 2012). 

Since 1970, seasonal thermal storage technology, as part of a district heating system, has 

been under exploration and study. The purpose of all investigations and studies are storing heat 

at the time that it is not needed and use it for the time that it is required. Schmidt et al. (2003) had 

a detailed review in the advances of seasonal thermal energy storage in Germany. Based on his 

research, with referencing to Dalenback (1988) and Lundin (1985), the first solar plant was 

constructed in Sweden in 1978/79. Several countries participated in central solar heating plants 

with seasonal storage working group under the International Energy Agency (IEA) Task VII, 

since 1979. The aim of this group was to boost the progress of large-scale solar heating 

technologies like district heating systems. Under this working group participant members 

exchanged their experiences and shared their activity results. In Germany, the first seasonal heat 

storage was built at the University of Stuttgart in 1985. The storage at this facility was a gravel-

water heat store type (Hahne, 2000). Figure 2-1 shows the system schematics. Solar heat is 

collected by a large area of solar collectors and is then transferred to the central heating plant. 

The excess heat from solar collectors, in summer, is directed to the thermal storage. In heating 
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season, the stored heat will be directed to the central plant to supply to the district heating 

system. 

Following this project, “Solarthermie-2000,” a governmental program in Germany was 

introduced for researching solar heating plants with large seasonal thermal energy storage since 

1993. Eight of such plants have been built in Germany for demonstration within “Solarthermie-

2000” since 1996. They were all designed for 35- 60% solar fractions of the total heat demand 

for space heating and domestic hot water of homes annually (Schmidt et al., 2001).  

 

 
Figure 2-1 Central solar heating plant with seasonal storage (Schmidth et al., 2003) 

2.1.1 Underground seasonal thermal energy storage technologies 

Usually, seasonal thermal energy storage stores heat in a sensible form. For finding the 

heat transfer and mainly losses through the storage, the main parameters which need to deal with,  

are thermal properties of the storage medium, time of storage, storage temperature, storage 

geometry, and volume. In community and district solar-energy heat-storage, the storage volumes 
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are relatively large; therefore, ground storage,  due to their lower cost and ability to deal with 

large time scale, make this technology the most-promising medium (Nordell, 2000). 

Schmidt et al. (2003), and later many other researchers including Pavlov et al. (2011) and  

Socaciu (2011), introduced four types of sensible seasonal thermal energy storage (SSTES). 

They are 1) hot-water thermal energy storage, 2) aquifer thermal energy storage, 3) gravel-water 

thermal energy storage, and 4) borehole thermal energy storage. Socaciu (2011), after his 

rigorous research, presented the four types of SSTES relations as shown in Figure 2-2 and 

created a detailed documentation. 

 

Figure 2-2 Different types of seasonal sensible thermal energy storage solutions (Socaciu, 2011) 

2.1.1.1     Hot water thermal energy storage (HWTES) 

HWTES is built almost independently from geological conditions; the storage is usually 

constructed from reinforced concrete or steel. The storage media is water, which has good value 

for specific heat capacity and heat transfer properties for charging and discharging (Schmidt et 

al., 2003). 

Figure 2-3 shows two methods that were used in HWTES construction in Friedrichshafen 

and Hannover (Schmidt et al., 2003). The Hannover storage was built recently with a new high-

density concrete. The store is free of an inner steel-liner. 

In Friedrichshafen storage, which is older than Hannover model, there are only two 

locations at top and bottom for charging and discharging whereas, in the Hannover model, 

another point of charging or discharging has been introduced. This point is located at one-third 

distance from the top of the storage medium and provides an optimized flexibility for using 

different water temperatures at various layers of the stratified store. In the Hannover store, a 

granulated foam glass in textile bags is used for insulation. This kind of insulation material, 
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compared to the standard mineral wool, has an excellent drying capability plus easier and faster 

installation work. As high-density concrete is not able to prevent steam diffusion, a layer of the 

steam barrier is installed between insulation and concrete layer. 

 

 

Figure 2-3 Construction of hot water heat stores in Friedrichshafen (left) and Hannover (right) 
(Schmidt et al., 2003) 

2.1.1.2     Gravel-water thermal energy storage (GWTES) 

Gravel-water thermal storage is a less-expensive version of tank storage, which is usually 

buried in the ground. These kinds of storage are mostly insulated on the side and the top. The 

storage media are usually a gravel and water mixture, which it could also be sand or soil mixture 

with water. Heat extraction or injection could be either through direct water heat exchanger or by 

indirect heat transfer through piping installed at a different layer of the store. The pipes, in this 

case, are made of plastic for their longevity. The storage liner is usually made of advanced 

polymer material backed up with insulation. Because of the construction material used, the 

operating temperature is limited to not higher than 95°C (Nielsen, 2003). The specific heat of 

this type of store media is lower than the water, and subsequently, the store size should be 

constructed approximately 50% bigger to store the same amount of heat compared to the water 

storage tanks (Schmidt et al., 2003 and 2004).   

Figure 2-4 shows a cross-section of a GWTES, which has been constructed in Steinfurt, 

Germany. It consists of a double polypropylene (PP) liner, steam barrier, granulated foam glass 

insulation and drainage system. The liners are equipped with a vacuum control system for 

detecting any leakage during the construction or operation (Schmidt et al., 2003). 
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Table 2-1 shows the thermal and physical properties of storage media for the HWTES 

and GWTES (Pavlov et al.,  2011). Table 2-2 lists the advantages and disadvantages of the two 

systems, especially when the store is made below places where safety on the top of the storage is 

concerned; i.e., parking lot, schoolyard, etc. (AEE INTEC, 2008). 

 

Figure 2-4 Gravel and water store used in Steinfurt (Schmidt et al., 2003) 

Table 2-1 Thermal and physical properties of water vs. gravel-water (Pavlov et al., 2011) 

 

Water           
(at 20°C) 

Gravel-Water 
Mixture 

Porosity - 0.37 to 0.43 
Density [kg/m3] 992.2 1950 to 2050 
Specific Heat Capacity [kJ/(kgK)] 4.18 2.0 to 2.2 
Thermal Conductivity [W/(mK)] 0.63 1.8 to 2.5 

    

Table 2-2 Hot water thermal energy storage (HWTES) vs. gravel-water thermal energy storage 
(GWTES) (AEE INTEC, 2008) 

HWTES GWTES 
Advantages 

Thermal capacity Low static requirements to cover the loads 
Operation characteristic Simple store cover 
Thermal stratification 

 Maintenance and repair   
Disadvantages 

Sophisticated and expensive store cover Lower thermal capacity 
High static requirements to cover loads Charging system 
Cost of removing the excavated soil Additional buffer storage 

  Maintenance and repair not possible 
  Gravel cost 
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2.1.1.3     Aquifer thermal energy storage (ATES) 

Aquifers are recognized as a porous media saturated with water which the media could be 

sand, gravel, sandstone, igneous or metamorphic rock (Sanner, 1999). If the aquifers are 

confined, meaning that there is low water flow (or no flow), then they could be used as a thermal 

storage. For injecting or extracting heat to the storage media, two or several wells are drilled to 

the aquifer. During the charging, water is extracted from the aquifer, is then heated through a 

heat exchanger before being sent back to the aquifer through another well which is located at 

some distance from the supply well. At the discharging time, the flow is reversed from the two 

mentioned wells. Figure 2-5 shows a typical ATES system. In order to get the most benefit from 

the heat storage, all the physical and chemical parameters of the aquifer should be investigated. 

In the high-temperature storage understanding the microbiology, geochemistry and mineralogy 

of the ground will play an important role in thermal storage design.  

 

Figure 2-5 Aquifer thermal energy storage (Socaciu, 2011) 

The heat loss from the ATES could be substantial, especially for the high-temperature 

storage media. In order to have a minimum heat loss, the surface to volume ratio or the storage 

media should be as low as possible. This would apply in particular for storage volume with more 

than 100,000 m3 (Schmidt et al., 2003). As an example, there is an ATES in Germany, located in 

Berlin that supplies to the German parliament building. It has two separate storages: 1) a cold 

storage in depth about 60 m, and 2) a heat storage in depth below 300 m (Sanner, 1999).  

Ghaebi et al. (2014) studied the integration of various ATES with heat pump and solar 

collectors for heating and cooling of a community. They found that the system annual coefficient 

of performance (COP) would increase when the ATES is used for both heating and cooling.  
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2.1.1.4     Borehole thermal energy storage (BTES) 

In borehole thermal energy storage (BTES), the ground itself would be the storage media. 

This would be achieved through a number of vertical boreholes in the ground. The storage 

volume is not exactly defined and separated. Geological formation plays a major role in defining 

the thermal capacity of the storage. Normally rock or water-saturated soil is the most suitable. 

The vertical boreholes lengths are typically in the range of 30 to 100 m with approximately 3 to 4 

m separation (Schmidt et al., 2003). The borehole depths in recent installations have gone up to 

200 m (Pavlov et al., 2011). In the borehole, the heat is exchanged through a double or single U-

pipes or concentric pipes. The pipe material is usually made of synthetic material like high-

density polyethylene (HDPE). Figure 2-6, shows borehole heat exchangers sample installation. 

The fluid in the pipes is mostly water which in some cases, to avoid freezing, the water is mixed 

with ethanol or glycol. The boreholes are filled with grout which normally is of bentonite, quartz 

with sand or only water mixture (Northern Europe). Quartz gives the grout a higher thermal 

conductivity whereas the bentonite provides a sealing and plugging characteristic. The grouted 

boreholes heat transfer properties have been studied theoretically by Bennet et al. (1987) and 

Hellstorm (1991), tested in laboratory measurements by Paul (1996) and field measurements by 

Austin (1998). The range of thermal conductivity of the typical filling material is: stagnate water 

(0.6 W/mK), Bentonite (0.8-1.0 W/mK), thermally enhanced grout with quartz (1.0-1.5 W/mK), 

and water saturated quartz sand (1.5-2.0 W/mK). 

The storage volume of BTES comparing to the HWTES is much bigger in size. 

Depending on the ground formation, BTES size should be three to five time higher than the 

HWTES (Pavlov et al., 2011). For instance for a BTES with a cylindrical earth volume of 35,000 

m3 that contains 144 boreholes with the 38 m depth, the equivalent HWTES storage volume of 

8,700 m3 can be used. Un-used or rejected heat is injected through hot fluid circulation in the 

boreholes and transferred to the ground for the storage. BTES works in seasonal and periodic 

mode. When the stored heat is needed, the cold fluid is circulated and absorbing the heat which 

is required. The best and most efficient BTES is with high thermal conductivity adjacent to the 

boreholes and pipes and less formation thermal conductivity away from the storage volume with 

no ground water flow (Evans et al., 2006). Lower formation thermal conductivity away from the 

storage volume cause less storage heat loss. Claystones or water saturated claystone are suitable 

media due to the high heat capacity and at the same time prevent considerable water flow. 
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The BTES efficiency is defined as the ratio of the annual energy injected into and extract 

from the ground. The efficiencies of the fully charged BTES in the existing installations are 

mostly in the range of 40% to 60%. That means the BTES energy losses are around 60% to 40% 

of the energy injected into the ground.  

One advantage of BTES from the other types of the storage system is that the size of the 

storage can be easily extended by drilling addition boreholes and simply connecting the pipes to 

the existing boreholes. 

 

Figure 2-6 Different types of borehole heat exchangers (Schmidt et al., 2003) 

2.1.1.5     Comparison of the storage concepts 

The cost advantage due to the size and scale of operation is the reason that made most of 

the thermal storage projects technically and economically viable. For example, BTES is used in 

heating large district system in Europe since 1990. From that time, Fisch et al. (1998), studied 

two large-scale solar communities in the heating application. The investigation was on; 1) short-

term thermal storage system to supply 10-20% of heating demand or 50% of domestic hot-water 

use annually,  and 2) long-term thermal storage to supply 50-70% of heating demand annually. 

In his report, it was concluded that large-scale solar thermal system (seasonal), because of the 

economy of scale, was three times more economical comparing to the short-term (diurnal) 

storage, used for just a single-family house. 

Since 1993, “Solarthermie-2000,” a research and development program in Germany, has 

been focusing on the study and monitoring of large-scale solar thermal plants. Based on the 

results of this program, Lottner et al. (2000) explored the economics of such plants. The study 
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concluded that because the high cost of the seasonal storage, more efforts should be done to 

achieve viable systems in both technical and economic aspects. Schmidt et al. (2004) provided an 

extensive study on the same subject in Solarthermie 2000 program reports and provided some 

advice about how to design an optimized system to make the system more efficient and 

economical. Bauer et al. (2010) also explored the monitoring data in the same program. He 

described the different thermal storage types related to the solar district systems and compared 

the specific characteristics of different storage types.  

Schmidt et al. (2003) presented the key components of various methods for seasonal heat 

storage which is summarized in Table 2-3. For selecting a specific storage system, all related 

conditions need to be considered, such as geological requirements, storage size, heat capacities 

of the storage medium, etc. The final decision should be based on an optimum economical viable 

case, among all possibilities. 

Table 2-3 Comparison of storage concept (Schmidt et al., 2003) 

 

2.1.2 BTES – high, medium, and low temperature design 

In the seasonal thermal energy storage, especially in solar thermal district energy system, 

there is large amount of energy involved. Therefore, the ground has been found to be a favorable 

media for storing such large amount of energy with relatively low cost. One of the storage types, 

which uses the ground directly, is BTES (Nordell et al., 2000). 

In BTES, heat transfer process in the ground can be considered from the nearby the 

boreholes and the surrounding ground collectively. It is also called micro-scale and macro-scale 

process by Nordell et al. (2000). The heat flow from the store into the surrounding ground is 

responsible for the store losses. The amount of the heat loss depends on the storage geometry 

such as its size and shape, the average store temperature and ground properties. The ground 

HWTES GWTES BTES ATES
Storage Meduim water gravel-water ground material ground material/water

Heat Capacity (kWh/m 3 ) 60-80 30-50 15-30 30-40

Storage Volume for 1 m3 1.3-2 m3 3-5 m3 2-3 m3

(1 m 3  of water equivalant)
Geological Requirement •  stable ground •  stable ground • drillable ground • natural aquifer layer with high hydraulic

conditions conditions • groundwater favourable conductivity
•  preferably no •  preferably no • high heat capacity • confining layers on top and below
groundwater groundwater • high thermal conductivity • no or low natural groundwater flow
•  5 - 15 m deep •  5 - 15 m deep • low hydraulic conductivity • suitable water chemistry at high

• natural ground-water flow < 1 m/s temperatures
•  30 - 100 m deep • aquifer thickness 20 - 50 m
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thermal resistance around the boreholes will also rely on the borehole spacing. The spacing, 

usually, is considered to be uniform and equally spaced. In reality, irregularity in borehole 

spacing could happen. A study by Hellstrom (1991), shows that such irregular spacing has a 

small effect on the ground thermal resistance if the storage volume is kept almost the same. 

The storage heat losses will substantially increase if ground water flow exists. This flow 

could be regional flow and/or flow due to natural convection. Van Meurs (1986) investigated the 

groundwater flow effect through numerical analysis in a porous medium with the uniform 

permeability. He concluded that if the ground water flow exceeds 0.05 m/day (18 m/year), then 

the heat storage volume needs a protecting hydraulic screen. The ground water flow subject to 

natural convection will happen in the vertical direction. The flow amount due to the buoyancy 

primarily depends on the temperature difference between the storage and the surrounding 

medium. Other parameters such as the vertical depth of the store and permeability of ground 

material will also affect the magnitude of the natural convection flow (Hellstrom et al., 1988). 

Lund (1985) and van Den Brink (1993) through numerical studies show that if the 

intrinsic permeability of the ground exceeds 10-12 m2, then the storage thermal performance will 

be affected. However, the natural convection flow will be reduced if impermeable layers exist in 

the horizontal direction. 

Reuss et al., (1997), defined the seasonal thermal storage in two categories, namely 1) 

low-temperature (0-40°C) ground storage and 2) high-temperature (40-80°C) ground storage. 

Thermal energy for the community is provided either indirectly by a heat pump with low-

temperature storage or directly with high-temperature storage.. In this research, these two 

categories have been redefined, and three BTES types have been specified as 1) low-temperature 

(0-30°C) BTES, 2) medium-temperature (30-60°C) BTES and 3) high-temperature (60-80°C) 

BTES. 

For stores with a limited thermal conductivity, Reuss et al. (1997) claims that the heat 

losses from the storage are rather moderate, and the storage efficiency could reach up to 70%. 

Additionally, a proper heat transfer rate per unit of the area of the heat exchanger pipes is also 

needed. Consequently, a good thermal contact between the exchanger and the ground is required. 

In loose and unconsolidated soil, the heat capacity and thermal conductivity of the ground 

strongly depend on the water contents, especially when the soil temperature goes beyond 60°C. 
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Soil water content can be lost due to the vapor diffusion and high-temperature gradient. 

This will lead to dry out the soil and causing cracks along the side of the heat exchanger pipes. 

Subsequently, the thermal resistance of this region increase and heat transfer rate will decrease. 

Reuss et al. (1997) studied numerically and experimentally the heat and moisture transfer in 

BTES in unsaturated soil. High-temperature thermal energy input, in the range of 70 to 90°C into 

the ground can cause a substantial high-temperature gradient and simultaneous moisture flow 

close to heat exchanger pipes. The total heat transfer is through the conduction in the soil and 

partly by convection which created by liquid, air and vapor movement. 

The theory of soil moisture transfer thermally was developed by Philip and De Vries 

(1957). This theory was never verified for very high-temperature medium. In their methodology, 

the effect of the soil temperature on vapor pressure and surface tension is considered. This will 

be the driving forces for the vapor diffusion and liquid moisture flow. A computer model was 

developed by Reuss et al. (1997) to model and simulate heat and soil moisture transfer in high-

temperature ground heat storage. The model contains two parabolic differential equations with 

the variables of volumetric moisture content and temperature (Van Genuchten, 1980). 

For the moisture transport, Equation (2-1) takes into the account the liquid moisture and 

vapor movement due to the moisture and thermal gradients. The energy transport Equation (2-2) 

is based on Fourier’s Law and considers the latent heat transport by condensation and 

evaporation of water within the porous medium. 

𝜌𝐿 
𝜕𝜃𝐿
𝜕𝜕

= ∇[(𝐷𝑇𝐿 + 𝐷𝑇𝑇)∇𝑇] +  ∇[(𝐷𝜃𝐿 + 𝐷𝜃𝑇)∇θL] + 𝜌𝐿 
𝜕𝑘𝑢
𝜕𝜕

    (2-1) 

𝐶 𝜕𝑇
𝜕𝜕

= ∇(𝜆∇𝑇) + ∇(𝐻𝐿𝐷𝜃𝑇∇𝜃𝐿)                        (2-2) 

In this thesis, equations (2-1) and (2-2) are used as the basis for the advance borehole 

heat transfer calculations for the BTES model, i.e., Type 201 TRNSYS component. 

Reuss et al. (1997) developed a numerical model for those differential equations by the 

finite-difference method (FDM) as a general analytical solution is impossible. In addition, the 

contact resistance between the pipes and the ground are also included, in order to consider the 

already mentioned drying effects. The model was validated for an entire temperature range of 0-

90°C with the data from several laboratory and field experiments. By using this model and 

changing the various parameters, a new pilot plant was designed. Subsequently, an optimum 

system from a technical and economic point was selected. The system was a 15000 m3 seasonal 
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storage with 140 boreholes of 30 m length storing the waste heat (174 kWth) generated in 

summer by a combined heat and power (CHP) plant. About 418 MWh/year was charged into and 

266 MWh/year was discharged from the storage. The economic analysis shows that prices of 

specific energy with this system are almost the same as those of conventional energies like 

liquid-gas while 266 MWh/year of useful energy are recovered. The minimum and maximum 

mean storage temperatures were 40˚C and 72˚C, respectively. The storage efficiency was found 

to be 64%. 

Tarnawski and Leong (1990, 1993) developed a computer program to simulate the 

performance of an entire ground source heat pump system. A detailed numerical solution 

incorporates the following: 

1. Simultaneous heat and moisture transfer in ground heat storage. The equations solved 

by the finite-element method. 

2. A steady-state heat pump unit model.  

3. The house, heating and cooling loads. 

4. Detailed climatological data. 

5. A profile of the initial temperature and soil moisture content. 

A temperature change of fluid circulating in the closed-loop is calculated by the energy 

balance and heat transfer between the circulating fluid and surrounding soil. It is assumed that 

the ground heat storage around the borehole has symmetry along the vertical axis; thus, soil 

temperature and moisture pattern in ground heat storage are calculated only in the axial and 

radial directions and change the problem to a two-dimensional problem. The developed 

computer program can take into account a large number of issues, which are generally ignored 

for simpler analysis. Main processes which have been addressed in this program are highlighted 

as follows: 

1. In ground, heat-storage coupled heat and moisture flow are considered. 

2. During heat extraction and heat injection, soil freezing-thawing and drying-rewetting 

are regarded. 

3. With the presence of the ground water table, different soil types and layers have been 

taken into the account. 

4. Ground-surface effects, i.e., radiation, convection, advection, evapotranspiration and 

snow cover are considered. 
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The following governing equations, describing simultaneous heat and moisture flow, 

have been used for the ground buried heat exchangers (Tarnawski and Leong 1990, 1993). 

 

Unfrozen soil 

∇(𝜆∗∇𝑇) + ∇(𝐷𝜀∇𝜃𝑙) − 𝑐 𝜕𝑇
𝜕𝜕

+ 𝐿𝜌𝑙
𝜕
𝜕𝜕

(𝜀𝜀) = 0       (2-3) 

∇(DT∇𝑇) + ∇(𝐷𝜃∇𝜃𝑙) −
𝜕𝜃
𝜕𝜕

+ 𝜕
𝜕𝜕

(𝜀) = 0                   (2-4) 

where λ*=λ+ LερlDT  (W/mK)  and  Dε= LερlDθ 

 

Freezing soil 

𝑐𝑝𝑝
𝜕𝑇
𝜕𝜕
− L𝑝 = ∇�𝜆𝑝𝑝∗ ∇𝑇� + ∇(Dε

∗∇𝜃𝑙) + 𝐿𝜌𝑙
𝜕
𝜕𝜕

(𝜀𝜀∗)      (2-5) 

𝜕𝜃𝑙
𝜕𝜕

+ 𝑆 = ∇(DT
∗ ∇𝑇) + ∇(Dθ

∗∇𝜃𝑙) + 𝜕
𝜕𝜕

(𝜀∗)        (2-6) 

where Dε
*= LερlDθ

*  and  S = 𝜌𝑖
𝜌𝑙

𝜕θ𝑖
𝜕𝜕

 

Frozen soil 

𝑐𝑝
𝜕𝑇
𝜕𝜕

= ∇�𝜆𝑝∗∇𝑇�  𝑎𝑎𝑎  𝜕𝜃𝑙
𝜕𝜕

= 0                 (2-7), (2-8) 

 

Boundary condition 

Ground surface: 

𝜆 𝜕𝑇
𝜕𝜕

+ 𝑞𝜕 = 0   𝑎𝑎𝑎   𝜀 𝜕𝜕
𝜕𝜕

+ 𝐷𝑇
𝜕𝑇
𝜕𝜕

+ 𝑣𝑛
𝜌𝑙

= 0       (2-9), (2-10) 

𝑞𝜕 = 𝑞𝑠𝑠 − 𝑞𝑠𝑠 + 𝑞𝑙𝑠 − 𝑞𝑙𝑠 + 𝑞𝑒𝜕 − 𝑞ℎ − 𝑞𝑎𝑎𝑣   𝑎𝑎𝑎  𝑣𝜕 = 𝑣𝑒𝜕 − 𝑣𝑠 − 𝑣𝑚             (2-11), (2-12) 

 

Ground heat exchanger’s soil-pipe boundary (quasi-steady): 

𝑇𝑠𝑝 = 𝑇𝑝 − (𝑇𝑝 − 𝑇𝑠) 𝑅𝑐𝑐+𝑅𝑝𝑝+𝑅𝑡𝑐
𝑅𝑐𝑐+𝑅𝑝𝑝+𝑅𝑡𝑐+𝑅𝑠

                 (2-13) 

 

The soil moisture transport model is obtained from the Philip and De Vries (1957) and 

Thomas (1985). Field experimental data were provided by Clapp and Hornberger (1978) and 

Campbell (1985). The ground site condition and weather and climate data, such as solar 

radiation, ambient temperature, rainfall, wind speed, snow density, snow cover, and water vapor 

pressure, are used for the boundary conditions at the ground surface simulation.  
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The equations (2-3) to (2-13) utilized in the program were created by Tarnawski and 

Leong (1990, 1993) which can model and simulate multiple year operations of a ground source 

heat pump system in the heating and cooling mode. The computer program is written in 

FORTRAN 77 and can be run on a broad range of computers. 

The computer program has been modified and imported into TRNSYS 16 (Klein, 2004) 

software as a component Type 201a in 2009 (Leong and Tarnawski, 2010) and is used as a BTES 

component in a part of the modeling of the systems in this research.  

For the thermal analysis of BTES, a number of tools have been developed so far. The 

main purpose of these tools is to design such complex systems optimally and cost-effectively. 

The available tools vary from simple design tools to advanced simulation modeling with hourly 

climate data and detailed load data. The model should consider the relatively large heat flow in 

the ground and the heat transfer in and adjacent to the boreholes to capture the relation between 

the temperature of the heat-transfer-fluid and the total storage heat transfer rate with a suitable 

time resolution (Nordell et al., 2000). 

Eskilson and Claesson (1988) proposed a model using finite-difference, a superposition 

borehole model (SBM), which is a detailed model that can accept arbitrarily placed of vertical or 

horizontal boreholes. This model is validated and examined in several field experiments 

(Eskilson, 1987; Hellstrom, 1991). This model is used to calculate the thermal performance of 

the heat-pump-coupled system, in software such as EED (Hellstrom et al., 1997; Hellstrom and 

Sanner, 1997) and GLHEPRO (Manickam et al., 1997). This model calculates dimensionless 

thermal response functions in different borehole configurations. 

Another simulation model by Hellstrom (1989) is duct ground heat storage model (DST). 

It is a simulation model for multiple boreholes with uniform borehole spacing. It has been used 

for both detailed design and field experiments evaluation extensively.  

Both the SBM and DST models have been modified for use as TRNSYS components. 

The TRNSYS version of DST can also investigate problems within the stored volume, such as 

the radial stratification of the ground temperatures or the effect of the flow conditions in the 

borehole pipe on the thermal performance of the system (Pahud and Hellstrom, 1996). The 

accuracy of the DST has been verified with simulations of the heat transfer between a borehole 

storage unit and a solar collector field (Pahud, 1995). The DST model is named as Type 557 in 

TRNSYS, which is mainly employed throughout this work for the BTES modeling. 
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2.1.2.1    Field experiences with BTES  

As per Nordell et al. (2000), the first BTES experiments were built around 1976 in 

Sweden and France. The only high-temperature large scale BTES has been constructed in Lulea, 

Sweden, in 1982. Table 2-4 shows examples of borehole heat storage systems in Sweden. 

Table 2-4 Examples of Swedish BTES (Nordell et al., 2000) 

Location Purpose Built 

Storage 

Volume 

(1000 m3) 

System Temperature (°C) 

Warm Cold 

Sigtuna 1 Res. Unit 1978 10 40 10 

Lulea Office 1983 120 65 30 

Finspang Supermarket 1984 42 30 15 

Solna Rec. Centre 1984 30 35 10 

Finspang 750 Res. Units 1985 220 35 10 

Marsta 40 Res. Units 1985 32 14 4 

Stockholm Winter Garden 1985 26 30 15 

Kristinehamn Office 1988 30 35 10 

Stockholm Office 1989 110 35 10 

Jarfalla Office 1990 35 35 10 

Storforsen Hotel 1995 100 20 -10 

 

Pal et al. in 1997 investigated the world’s largest BTES (1,080,000 m3) in operation, 

which was located at Stockton State College, Pomona, NJ, USA, with 400 boreholes at the depth 

of 135 m which used for part of the college heating and cooling demand since 1995. 

Table 2-5 shows the technical characteristics of some demonstration plants with solar 

thermal collectors and BTES. They are all large-scale pilot plants in Germany, Sweden (built in 

2010) and Canada. 

− Neckarsulm BTES in Germany has 528 boreholes in the depth of 30 m with maximum 

design storage temperature of 85°C. It was built in 1997, and the BTES was expanded in 

1998 and 2001. The monitoring data from 2003 to 2007 showed the maximum solar fraction 

of 44.8% had achieved in 2007. The design solar fraction was 50% which the system did not 

reach that point yet. Bauer et al. (2010) found that it was because of the 10% smaller solar 
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collector size, and higher net temperatures return from the loads. In the first five years, there 

was no discharge from the storage for letting the BTES heat up to a usable temperature. 

Table 2-5 Central heating plant with BTES (Pavlov et. al., 2011) 

Solar Plant 
with BTES 

Heated Living 
Area 

Total Heat 
Demand 

(GJ/Year) 

Solar 
Collector 

Area               
(m2) 

Storage 
Volume 

(m3) 

Design 
Solar 

Fraction 
(%) 

Design 
Maximum 

Storage 
Temperature 

(°C) 
Neckarsulm, 
Germany 

300 Apartments, 
20,000 m2 1,663 5,000 63,400 50 85 

Crailsheim, 
Germany 

260 Houses 
School & Gym  14,760 7,300 37,500 50 85 

Attenkirchen, 
Germany 

30 Houses 
6,200 m2 1,753 800 10,000 55 85 

Anneberg, 
Sweden 

90 Houses 
9,000 m2 3,888 3,000 60,000 60 45 

Okotoks, 
Canada 

52 Houses 
7,000 m2 1,900 2,293 35,000 90 80 

 

− Crailsheim BTES in Germany has 80 boreholes in the depth of 55 m. The system partly 

started operation in 2004. The monitoring data from two years operation (2006 and 2007), 

shows the solar fraction of 20%, which is far from designed solar fraction of 50%.  The 

buffer storage tank for this system is 480 m3, selected because the solar collectors during the 

summer have a high capacity rate. Due to the large buffer tank size, the heat captured from 

solar collectors cannot directly charge the BTES, and therefore, it takes a longer time to fully 

charge the BTES (Mangold, 2007). 

− Attenkirchen BTES in Germany is a combined HWTES and BTES. Ninety boreholes in the 

depth of 30 m are installed around a central concrete tank with a volume of 500 m3. Based 

on the temperature level in each storage system; heat pumps either use the borehole or hot-

water-tank itself as a heat source to provide heat to the living area (Schmidt et al., 2004). 

The system commissioned in 2002 and is considered as one of the smallest such systems in 

Germany. Based on two-year monitoring data the solar fraction for the system was reported 

to be 73%. 

− The BTES in Anneberg, Sweden has been in operation since late 2002. It has 99 boreholes in 

the depth of 65 m. It is designed for maximum storage temperature of 45˚C in contrast to the 
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former three cases in Germany, where all were designed for maximum storage temperature 

of 85˚C. The heating system is designed for low-temperature (32/27°C) and individual 

electric heater back up (Lundh, 2008). After three to four years of operation, the solar 

fraction for this system was reported to be 70%. 

The system was designed and evaluated with simulation models TRNSYS 16 (Klein, 2004; 

Mazzarella, 1989) and MINSUN (Mazzarella, 1990) as well as with ground storage module 

DST (Duct storage model). 

− Okotoks BTES, built in 2006, in Alberta, Canada has 144 boreholes with the depth of 37 m. 

It is the first solar heat storage in Canada. The computer simulation results for this project 

show that the system will achieve the 90% solar fraction after five years (McDowell & 

Thornton, 2008). The maximum designed borehole temperature is 80°C. Sibbitt et al. (2007) 

described that the high-temperature storage has two disadvantages; 1) during the charging 

time, the return fluid temperature to the solar collectors will be relatively high, which cause 

to reduce the solar collectors efficiencies and 2) the storage heat loss will be relatively high, 

which is calculated to be almost 60%. The system shows that the solar fraction has reached 

to 97% after five years of operation and measured performance. 

In order to minimize the heat storage heat losses, Chapuis and Bernier (2009), offered an 

alternative design approach for the Okotoks-like system, to keep the storage temperature 

relatively low. It was based on using heat pumps to raise the temperature as per space heating 

demands. Based on the simulation using TRNSYS with its DST module, it was concluded that 

by keeping the average storage temperature slightly above the annual average ambient 

temperature, the return water temperature to the solar collectors would be relatively low, which 

leads to achieving higher efficiencies from the solar collectors by relatively reduced collector 

areas. Considering heat-pump electricity usage, the system could achieve 78% solar fraction.  

In general, solar fraction of a system does not reflect the system effectiveness. There are 

other metrics, such as system efficiency and cost, including initial and operating, that needed to 

be taken into account for comparing different installations. 

2.2  Solar communities with cooling systems  
Technically, there are many possible processes for using solar energy in cooling. Solar 

radiation can be converted to electrical energy by photovoltaic to run electric chillers for cooling 

through vapor compression cycle. Solar energy can also be captured through thermal collectors 
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for cooling by the heat transformation or thermoelectric process. Figure 2-7 shows the different 

technologies to convert solar heat into cooling or air-conditioning proposed by Henning (2007).  

Processes in dark gray are technologies which are available in the market and are used for 

solar assisted cooling.  

Solar heat transformation process for cooling can be an open or closed cycle. The two 

main categories of the closed cycle are: 1) absorption type using liquid sorbent materials such as 

ammonia and lithium bromide, and 2) adsorption type with solid sorbent materials such as silica 

gel. 

The maximum possible (thermodynamic limit) thermal coefficient of performance (COP) 

for thermally driven technologies is defined as: 𝐶𝐶𝐶𝑠𝑎𝑒𝑎𝑙 = 𝑇𝐶
𝑇𝐻

 × 𝑇𝐻−𝑇𝑀
𝑇𝑀−𝑇𝐶

  (Henning, 2007) where 

TC is the cold source temperature, TH is the heat source temperature and TM is the intermediate 

temperature at which the heat is transferred to a heat sink. Figure 2-8, shows the COPideal and real 

COP of such chillers which are available in the market presented by Grossman (2002) and 

Henning (2007). 

Absorption is the dominating technology for thermally driven chillers. The operation of 

such systems is well-documented (e.g., ASHRAE Refrigeration, 2010). Nowadays, absorption 

chillers are mostly used if an inexpensive heat source is available, namely, waste heat, district 

heat or heat from co-generation plants. Absorption chillers used for air conditioning normally 

uses the sorption pair water-LiBr where water is refrigerant and LiBr sorbent. These are known 

as single effect machines, in which for each unit mass of refrigerant which evaporates in the 

evaporator then in the generator, one unit mass of refrigerant has to be desorbed from the 

refrigerant–sorbent solution. Typically these equipments operate with temperatures of 80-100˚C 

and can deliver a COP around 0.7. 

Another alternative to single effect chiller is the machines using a double effect cycle. 

Two generators work in series at different temperatures, where the condenser heat of the 

refrigerant desorbed from the first generator and is used to heat the second generator. As a result, 

a higher COP in the range of 1.1 to1.2 can be achieved. However, working temperatures in the 

range of 140-160˚C are usually needed to run those chillers. These systems are usually suitable 

for the large capacities like 100 kW and more (Grossman, 2002 and Henning, 2007). 
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Figure 2-7 Physical ways to convert solar radiation into cooling (Henning, 2007) 

 

 
 

 

Figure 2-8 COP curves of sorption chillers (Henning, 2007 and Grossman, 2002) 

In contrast to the liquid sorbent equipment, there are also machines working with solid 

sorption materials. In such systems, semi-continuous operation needs minimum two sections 

which contain the sorption material operating in parallel. Available systems on the market use 

water as refrigerant and silica gel as a sorbent. Usually, they are called adsorption chiller which 

as per Henning (2007), only two Japanese manufacturers making this kind of chillers. This 

equipment, under a typical operation conditions and heat source of about 80˚C, the systems can 

achieve a COP of about 0.6. Grossman (2002) described the open-cycle absorption and desiccant 

system as a suitable choice for the low-temperature heat source and introduced a system that 
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makes it possible to use the solar heat with relatively low temperature for production of chilled 

water in variable quantities as required by the load. 

Solar air conditioning and cooling technology are not fully established yet. More 

development is expected with increased competitiveness of this technology in the future. One 

main condition for a successful solar assisted cooling project is a good design with the adequate 

solar collector and thermal storage size. In order to make this kind of the systems economically 

viable, other systems should be integrated or supplemented; such as heating system or domestic 

hot water generating system. Henning (2007) reports only about seventy solar assisted cooling 

systems in Europe, which he concluded that these systems are in the early steps of growth. No 

standard design procedures or common practices for design still exist. Delorme et al. (2004) 

report fifty-three commercial buildings operated by solar cooling plants in seven European 

countries. 

The operation of the eleven solar assisted air conditioning plants in six countries was 

investigated by IEA Task 25. Some important outcome of these investigation results was 

summarized by Henning (2007). The main problem with most of the plants was in hydraulic and 

control design and inappropriate commissioning process.  

2.2.1 Examples of installation of solar assisted cooling system 

Table 2-6 shows examples of realized solar cooling in Europe, presented by Delorme et 

al. (2004). The system components in different projects are quite distinct from each other, and 

there is no generalized established solution in design available yet. 

Following a four-year monitoring of operation data and optimization in controls in the 

university hospital in Freiburg, Germany, it was found that the chiller operated with an 

acceptable COP (i.e., 0.42) but the cooling tower consumes relatively high amount of electricity. 

Average COP decreased through part-load operation during summer nights with low cooling 

demand. The annual specific collector yield was 365 kWh/m2  (Wiemken, 2009). 

In Canada, a few solar cooling systems have been put into practice recently. In 2010, one 

project was commissioned in one retirement home in Woodstock, Ontario (Baldwin et al., 2012). 

The system has 162 solar collectors with a total of 3,240 evacuated tubes, which could produce 

up to 364 kW of thermal power. Other system components were a 105 kW absorption chiller and 

a 13,600 L thermal storage tank. Additional heater and chiller have also been installed as the 

backup of the system. 
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The system provides heating and cooling to 9,900 m2 area. After two years of operation, 

the system generated 740 GJ heating and 420 GJ cooling. As such, this system greatly reduces 

the operating cost and CO2 emission. 

Another system was installed in 2011 in a hospital in Thornhill, Ontario. The system 

consists of 131 evacuated tubes solar thermal collectors and ten 10 kW small size adsorption 

chiller plus 4,364 L of thermal storage tank. The initial calculation and system modeling 

estimated that the system would be able to offset 36% of the cooling loads and 44% of the 

heating loads as well as 91% of domestic hot-water use, which resulted in a solar fraction of 

56%.  

Table 2-6  Examples of solar cooling commercial projects in Europe (Delorme at al., 2004) 

Country Location Building 
Cooling 

Capacity 
(kWc) 

Technology Collector 
Type 

Gross 
Collector Area 

(m2) 

In 
Operation 

Since 

Germany Langenau Offices 35 Absorption 
Chiller 

Evacuated 
Tube 45 1997 

Germany Freiburg Laboratories 70 Adsorption 
Chiller 

Evacuated 
Tube 230 1999 

Germany Freiburg Offices 60 Desiccant 
Cooling 

Flat Plate 
Air 

collector 
100 2001 

Greece Oinofyta Warehouse 700 Adsorption 
Chiller Flat Plate  2700 1999 

Greece Crete Hotel 105 Absorption 
Chiller Flat Plate  448 2000 

Spain Arteixo Offices and 
Store 170 Absorption 

Chiller Flat Plate  1626 2003 

Portugal Lisbon Offices 36 
Desiccant 

Cooling and 
Heat Pump 

Compound 
Parabolic 
Collector 

48 1999 

Italy Pergine 
Valsugana 

Business 
Innovation 

Centre 
108 Absorption 

Chiller Flat Plate  265 2004 

Austria Hartberg Research 
House 30 Desiccant 

Cooling 
Evacuated 

Tube 12 2000 

France Banyuls Wine Cellar 52 Absorption 
Chiller 

Evacuated 
Tube 215 1991 

 

The system operation data are under fully monitoring system and is still to be examined. 

A newly developed triple-state adsorption chiller was also tested in a single residential home as a 

pilot project in Vaughan, Ontario, Canada (Hasib et al., 2012), although it was not a solar 

thermal driven system. 



 

27 
 

In Europe, the university hospital in Freiburg, Germany operates a solar cooling and air- 

conditioning system for a laboratory. The system has 170 m2 of evacuated solar tubes and a 70 

kW adsorption chiller. Following to a four-year monitoring the operation data and optimization 

in controls, it was found that the chiller operates with an acceptable COP, but the cooling tower 

consumes too much electricity. Figure 2-9 shows the efficiencies (COPs) and solar fraction of 

the system for a typical summer day. 

 

Figure 2-9 Operation of the solar cooling system installed at the University Hospital in Freiburg 
during a typical summer day (Henning, 2007) 

Hesaraki et al. (2015) conducted a comparative review of different types of seasonal 

energy storage systems integrated with the heat pumps for heating and to some extent cooling 

applications. The paper presented the systems with low temperatures suitable for running heat 

pumps to satisfy heating rather than cooling loads mostly. In their study, the implications of 

storing excess heat generated by the heat pumps in cooling season and the storage of solar heat at 

the same time, have not been investigated.  On the other hand, the study of such systems with 

distribution systems other than heat pumps, e.g., fan-coil, for both heating and cooling has not 

been presented yet. 
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2.3  Literature Review Summary  
Based on the comprehensive literature review, the following conclusions are summarized 

as follows: 

• The majority of the existing solar communities are based on heating only. There are 

numerous successful projects (e.g., Okotoks) around this topic, which will be a lead to 

investigate further for the modifications and enhancement of the existing system. 

• There is no research around solar communities with combined heating and cooling. The 

necessity of such a system will be based on the geographic location where cooling and 

heating are required in the course of the year, e.g., Southern Ontario, Canada. 

• Compared to the existing community-scale thermal storage, borehole thermal energy 

storage (BTES), has the most favorable condition for long-term energy storage. This is 

because the large amounts of energy involvement and a relatively low cost of energy 

storage media. 

• In the existing solar communities for cooling, the ground energy storage systems are 

designed for storing unused heat from solar collectors only. In these systems, there are no 

strategies and design for capturing the excess heat from thermally driven cooling 

equipment, i.e., absorption chillers. As such a new BTES for storing the low-grade heat 

could be a solution. 

• The heating distribution systems in the existing solar communities are mostly based on 

medium-temperature (~40˚C) fan-coil distribution system. The technical and economic 

viability of a low-temperature heat source, suitable for a centralized or distributed heat 

pump, has not been investigated yet. 

• Community solar heating and cooling can produce low-carbon energy emission due to the 

widespread solar resources. 
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 : Solar Community Heating System with Borehole Thermal Energy Chapter 3

Storage 
 

In Canada, Drake Landing Solar Community (DLSC) in Okotoks, Alberta, is the first 

large-scale BTES designed as a part of a solar community. Built in 2006, DLSC has achieved a 

97 percent solar fraction after five years of operation (Sibbitt et al., 2007). The primary objective 

of the DLSC project was to demonstrate that substantial energy cost savings are possible 

compared to conventional systems by storing solar heat from summer for winter uses. 

DLSC consists of 52 detached houses having a total annual simulated heating demand of 

2,280 GJ (SAIC Canada, 2012). From the central energy center, hot water is distributed through 

a two-pipe system to each of the 52 houses. Each house is equipped with an individual air 

handler with a water-to-air fan coil. All the houses, having an efficient building envelope, were 

built and certified based on the R-2000 standard developed by Natural Resources Canada 

(NRCan, 2012). A total of 2,293 m2 of flat plate solar collectors was installed on the roof of the 

connected garages of the houses, facing south at an angle of 45°. The community energy center 

contains two short-term storage tanks (STSTs) with a total 240 m3 volumetric capacity, pumps, 

heat exchangers, and controls. A borehole thermal energy storage (BTES), located next to the 

energy center, containing 144 boreholes of 37 m depth installed in 24 parallel circuits, is used as 

a seasonal thermal storage. Figure 3-1 depicts the DLSC simplified system schematic (Sibbitt et 

al., 2007). 

The DLSC’s technical feasibility and system performance have been shown to be 

successful in terms of reducing energy costs (Sibbitt et al., 2012). However, the system’s capital 

cost is substantially higher than conventional heating systems and does not offer any payback 

over the lifetime of the project. 

The objective of this chapter is to use DLSC system as a base case, and then propose a 

new design with a similar, but more efficient, configuration.. The DLSC model has been 

validated against its measured system performance ( Sibbitt et al., 2012).The proposed model can 

have different components and possibly smaller sizes, to achieve lower initial costs and a better 

payback. The new design is constrained to produce the same solar fraction (SF) as the DLSC and 

simulated with an integrated model using TRNSYS software (Klein et al., 2010). 
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Figure 3-1 Drake Landing Solar Community (DLSC) simplified system schematic 

 (Sibbitt et al., 2007) 

3.1 System configuration and community thermal load 
Figure 3-2 shows the system setup and equipment. The solar collectors transfer the 

harvested solar energy to a short term storage tank (STST) through a heat exchanger all year 

around. In the mid-spring and summer when there is no space heating demand from the 

community, the stored thermal energy is transferred to the ground for seasonal storage. The 

ground storage type is vertical borehole thermal energy storage (BTES). During the heating 

season, the stored heat in the Earth is extracted and transferred to the STST when the solar 

collectors cannot maintain the required temperature needed in the tank to meet the community 

heating load. 

DLSC comprises 52 houses with a total heated area of about 7000 m2 which is 

approximately 135 m2 for each house. The houses are energy efficient and are constructed 

according to the R-2000 Standard (NRCan, 2012). Each house is 30% more efficient than the 

conventionally built home. Table 3-1 shows the building envelope features. The DLSC simulated 

heating load is 416 kW with 2530 GJ annual community (district) heating load, which consists of 

2280 GJ annual space heating load and 250 GJ district loop losses (Sibbitt et al., 2007; 2012).  
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Figure 3-2 Solar community heating system with BTES - simplified system schematic 

By using all available DLSC houses’ data, a similar community was modeled and 

simulated by using eQuest software (James & Associates, 2015). The calculated hourly thermal 

load profile is shown in Figure 3-3. The replicated community peak heating load is 457 kW, and 

the total annual heating demand is 2350 GJ, which is about 10% higher than DLSC peak heating 

load and 7% less than simulated annual DLSC heating load. 

Figure 3-4 depicts monthly heating demand. The maximum monthly heating demand is 

568 GJ, which corresponds to the month of January. Figure 3-5 shows the hourly heating load for 

the month of January which includes the hourly loads correspond to the highest, lowest and 

average loads.  

Heat is supplied to the community through the distributed fan-coils connected to the hot-

water distribution loop fed from the STST. The community water loop temperature is maintained 

on average at 40°C. An auxiliary boiler is connected to the district water loop in the case the 

STST temperature falls below the set community loop temperature.  
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Table 3-1 DLSC building envelope features 

Location 

Latitude: 50.73° N                                                              
Orientation: Streets are oriented east-west; most 
window face north and south; garage roofs face 
due south                                                        
Heating Degree Days (HDD): 5,015 °C-days                  

Walls Overall RSI-value: 3.52 (R-20)                                         
Glazing percentage: 8% 

Windows Effective U-factor for assembly: 0.76 RSI (R-4.3) 

Basement Basement Wall Insulation RSI-value: 3.52 (R-20) 

Roof Overall RSI-value: 8.8 (R-50)      

 

 
Figure 3-3 Simulated community hourly heating load – DLSC replicate  
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Figure 3-4 Simulated community monthly heating demand – DLC replicate 

 
Figure 3-5 Time of the day heating load in the month of January (simulated) 
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The STST and the pumps plus controls are all located in one location called the Energy 

Centre. For efficient use of pump electricity, the pumps in all loops, i.e., solar, BTES, and 

community loop, are equipped with variable flow devices to maintain the required flow in each 

loop. 

3.2 System major equipment configuration and model 
An integrated system is modeled using TRNSYS 17 software. Figure 3-6 shows the 

TRNSYS model layout. One focal point of the system is the short term storage tank (STST), 

where all three of the system’s main loops, i.e., community, solar and BTES, meet and interact. 

The liquid flow through the solar collectors transfers the solar heat gain to the solar loop 

connected to the STST through a heat exchanger. The model receives the community hourly 

heating load from a spreadsheet resulting from eQuest community load calculations. The heating 

load is always satisfied by the proposed system. A boiler is connected to the community supply 

flow to maintain the desired temperature needed for the fan-coils in the community. Sections 

3.2.1 to 3.2.5 describe the system’s major components. 

 

 
Figure 3-6 Solar community heating system with BTES - TRNSYS model schematic 
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3.2.1 Solar collectors 

The selected solar collectors are of a flat-plate type. The total collector area is 1722 m2, 

which includes 600 solar collectors in three parallel arrays with 200 collectors connected in 

series. The solar collectors face south and have a 45° surface inclination. The efficiency of the 

collectors as per the manufacturer’s “Solar Rating and Certification Corporation” evaluation, 

SRCCTM (Enerworks, 2015), is calculated as follows:  

𝜂 = 0.762 − 3.2787 �𝑇𝑖−𝑇𝑎
𝐺
� − 0.0129 �(𝑇𝑖−𝑇𝑎 )2

𝐺
�                 (3-1) 

Here, 𝑇𝑠  and 𝑇𝑎 are the solar collector inlet and ambient air temperature in °C and 𝐺 is 

the global (total) radiation incident on the tilted-surface of the solar collector. The collector’s 

incident angle modifier (IAM) is also selected from the manufacturer’s SRCCTM certified data. 

The selected solar collectors are similar to the solar collectors used in DLSC, and their 

specifications are presented in Appendix A.  

In the proposed TRNSYS model, Type 1 for the flat-plate solar collectors is chosen. The 

number of collectors in series and the characteristics of each collector determine the thermal 

performance of the collector array. In this instance of Type 1, a second order quadratic function 

is used to compute the incident angle modifier. The coefficients of the function are supplied by 

the ASHRAE or an equivalent test (Klein et al., 2010). The manufacturer (Enerworks) provided 

the results from standard tests of collector efficiency versus a ratio of fluid temperature minus 

the ambient temperature to solar radiation. In Type 1, there are five possibilities for considering 

the effects of off-normal solar incidence. In this instance, a second order quadratic function is 

used to compute the incidence angle modifier. The coefficients of the function are supplied by 

ASHRAE Standard 93 (2010). 

The origin of the Equation (3-1) is from the general equation for solar thermal collector 

efficiency which is obtained from the Hottel-Whillier Equation (Duffie and Beckman, 1991) as: 

 η =  a0 - a1 
∆T
lT

- a2 
(∆T)2

lT
        (3-2) 

where lT (kJ/h-m²) is the global (total) radiation incident on the solar collector (tilted surface). It 

is the same parameter 𝐺 in the Equation (3-1) which is used in the SRCC documents. ΔT is the 

difference between the inlet and ambient temperature. 
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The thermal efficiency is defined by three parameters: a0, a1 and a2. These parameters are 

available for collectors tested according to ASHRAE 93 (2010). Table 3-2 shows the parameters 

considered for the Type 1 module. 

Table 3-2 Solar collector parameters 

Number in series 200   

Total collector area 1722  m2 

Fluid specific heat 3.6 kJ/kgK 

Tested flow rate 1.104 kJ/hrm2 

Intercept efficiency (a0) 0.762   

Efficiency slope (a1) 3.2787 kJ/hrm2K 

Efficiency curvature (a2) 0.0129 kJ/hrm2K2 

Optical mode 2 2   

1st order IAM* 0.2   

2nd order IAM* 0   

                  * Incident angle modifier  

The efficiency parameters provided by the manufacturer are a function of the inlet 

temperature and, therefore, the efficiency mode is set to one. The total area of the solar collector 

array is taken from the supplied efficiency parameters (typically gross area and not net area), and 

the flow rate is per unit collector area at which the collector was tested in order to determine the 

collector efficiency parameters. Intercept efficiency, efficiency slope, and efficiency curvature 

are a0, a1 and a2 in the efficiency Equation (3-2), and are obtained from ASHRAE collector test. 

Optical mode 2 is a parameter that specifies the second-order ASHRAE incident angle modifiers. 

Collector tests are performed on clear days at normal incidence so that the transmittance-

absorbance product is nearly the normal incidence value for the beam radiation.  The intercept 

efficiency is corrected for non-normal solar incidence using a modifying factor of the form:  

Incident Angle Modifier (IAM) = 1 – b0 × S – b1 × S2            (3-3) 

where S = ( 1
𝐶𝐶𝐶(𝑠𝜕𝑖𝑠𝑎𝑒𝜕𝜕 𝑎𝜕𝑎𝑙𝑒)

− 1), “1st-order IAM” parameter is b0 , and “2nd-order IAM” is b1 

in the above equation for incident angle modifier (IAM). 
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3.2.2 Borehole thermal storage (BTES) system 

The BTES incorporated into the system has 90 boreholes each of 59 m depth. The 

boreholes are configured in a circular field with an average of 3 m borehole separation.  

Comparing to the DLSC, which has the BTES of 144 boreholes each of 37 m depth with 

3 m borehole separation, the proposed community has almost the same total borehole length, but 

54 fewer boreholes (90 boreholes) and 22 m longer depth (59 m) with the same separation (3 m). 

The selected number of boreholes for the proposed community (i.e., 90) has come out as a result 

of trial and error method by repeated attempts in reducing the borehole numbers in the system’s 

model from 144 boreholes until the system fails to perform similarly to the DSLC experimental 

performance results. 

The cylindrical shape storage that contains the boreholes has a volume of 34,017 m3 with 

a coverage of 580 m2 ground surface area. The nominal HDPE pipe size comprising the U-tube 

ground heat exchanger is 32 mm in diameter. To achieve a relatively high thermal conductivity 

between the pipes and the ground, a thermally enhanced grout with graphite base which is 

commercially available is selected. The thermal conductivity of the borehole grout chosen is 1.5 

W/mK (McClain and Collins, 2010). The ground comprising the storage volume is composed of 

the wet shale and sandstone selected from the drilling records in the Okotoks area. Based on the 

selected soil properties, the thermal conductivity of the ground is estimated to be 2 W/mK 

(Kavanaugh and Rafferty, 1997). 

 Figure 3-7 depicts each circuit, which consists of nine boreholes connected in series in 

reverse return arrangement. Figure 3-8 shows the borehole layout and piping, which consists of 

10 circuits connected in parallel to the main header.  
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Figure 3-7 Borehole circuit piping schematic 
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Figure 3-8 Borehole field layout and piping 
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Ground Heat Exchanger Analysis Design and Simulation (GHEADS), developed by 

Tarnawski and Leong (1993), was initially used for the BTES design (Leong et al., 2010, 

Tarnawski et al., 1990, Rad et al., 2014). GHEADS is a detailed modeling program for ground 

heat exchangers and is flexible in terms of borehole layout design. GHEADS can produce more 

favorable results than the existing TRNSYS built-in duct-ground-storage (DST) model. 

However, the simulation running time in GHEADS is substantially longer. 

GHEADS has the following advantages over the DST model (Rad et al., 2014): 

1- Incorporates coupled heat and moisture flow in the ground heat storage 

The performance of a BTES depends strongly on the moisture content and soil type 

(mineralogical composition).  

A light dry soil can deliver the highest storage efficiency because of the small storage 

losses through the BTES. However, the same soil also significantly limits the ability 

of the BTES to receive and deliver heat effectively (Sibbitt et al., 2015). 

2- Provides flexibility in the design of the borehole layout by considering the heat and 

moisture interactions between the boreholes. 

The TRNSYS default BTES model (DST) has the limitation on the borehole layout 

design. In this model, boreholes need to have same separation distances which restrict 

the optimum use of available real estate for the borefield. 

3- Accounts for soil freezing-thawing and drying-rewetting due to heat extraction and 

heat deposition. 

4- Can consider the presence of a groundwater table. 

5- Accounts for dynamic ground-surface effects (radiation, convection, advection, 

evapotranspiration, snow cover, etc.). 

GHEADS model requires comprehensive weather data that is not found in the existing 

TRNSYS weather data files. As a result, weather from Environment Canada needs to be used to 

supplement existing TRNSYS weather data. 

Type 201a is the defined component for the GHEADS in TRNSYS. More details on the 

GHEADS software have been covered in Section 2.1.2. Simulation modes in Type 201a are 

defined as follows:  



 

41 
 

1. Mode “0” considers heat transfer only (no moisture transfer) with constant thermal 

properties and without freezing/thawing process (values for storage thermal 

conductivity and heat capacity must be specified). 

Based on the study by Rad et al. (2014), in this mode, comparing Type 201a to the 

default TRNSYS Type 557, shallow borehole fields in opposed to the deep borehole 

field can result a better performance. Type 201a uses insulated boundary condition 

around the borehole field volume in opposes to the Type 557. 

The shallow borehole field or BTES-shape corresponds to the BTESs with the shape 

aspect ratio of less than one (depth/diameter), and the deep borehole field corresponds 

to the BTESs with the shape aspect ratio of greater than one (Sibbitt et al., 2015).  

2. Mode “1” considers heat transfer only (no moisture transfer) with variable thermal 

properties and freezing/thawing process. 

3. Mode “2” considers heat and moisture transfer (simultaneous heat and moisture 

transfer) with variable soil properties and freezing/thawing process. 

Rad et al. (2014) compared the simulation time of Type 201a with Type 557 for a smaller 

system. The computer used for running the simulations had Intel Core i7 processor with 16 GB 

memory and ran with the following simulation time: 

1. The simulation time for the system with Type 557 was 1 minutes and 19 seconds. 

2. The simulation time for the system with Type 201a in mode "0" was 2 minutes and 23 

seconds. 

3. The simulation time for mode "1" and "2" were both in 2 hours and 35 minutes range. 

In this study, for the proposed system, mode “0” was initially selected. Due to the running time 

issues and the advantage of Type 557 over Type 201a for the deeper boreholes, TYPE 557 is 

chosen for the proposed model.  

Sibbitt et al. (2015) have concluded that for a solar community similar to the DLSC, the 

BTES with deeper boreholes will provide a better BTES efficiency and higher solar fraction 

ultimately. In addition, by choosing deeper boreholes comparing to the DLSC’s boreholes, the 

land surface area required for the BTES will also be reduced. 

The ground loop heat exchanger’s input parameters selected for this model are presented 

in Table 3-3. 
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Table 3-3 Ground loop heat exchanger parameters 

Storage volume 34017 m3 

Borehole depth 59 m 

Header depth 1.2 m 

Number of boreholes 90  

Borehole radius 100 mm 

No. of borehole in series 1  

Storage thermal conductivity 2 W/mK 

Storage heat capacity 2016 kJ/m3K 

Inner radius of U-tube 25.5 mm 

Outer radius of U-tube 31.6 mm 

Center to center half distance 76 mm 

Fill thermal conductivity 1.5 W/mK 

Pipe thermal conductivity 0.2423 W/mK 

Total borehole flow rate 40000 kg/hr 

Reference temperature 10 °C 

Pipe to pipe heat transfer Considered  

Fluid specific heat 3.85 kJ/kgK 

Fluid density 968 kg/m3 

Number of simulation years 20  

Maximum storage temperature 100 °C 

 

The ground heat exchanger working fluid is 20% ethanol-in-water solution with the 

freezing point of -10˚C. The header depth is the depth below the ground surface of the horizontal 

header pipe which feeds the ground heat exchangers. 
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3.2.3 Short term storage tank (STST) 

In addition to the stratified tank with multiple inlet and outlet, which is used in the 

DLSC’s model, a more advanced tank type is selected. The new tank model allows for a heat 

exchanger within the reservoir and also allows unmatched inlet and outlet flows. The tank model 

used in TRNSYS is Type 60 which is a vertical tank with two inlet and two outlet streams and an 

internal heat exchanger. By introducing an internal heat exchanger, the glycol-water in the 

community loop of the tank is not mixed with the tank’s water. 

The tank is thermally stratified and is modelled by assuming fully-mixed equal volume 

segments. The number of segments, which is defined by the user, are the tank’s temperature 

levels (nodes). The energy balance for the 𝑖𝜕ℎ node is shown in Figure 3-9. 

 

Figure 3-9 Representation of energy flows into a tank’s node 

The tank is uniformly insulated, and the total tank loss coefficient for each node is the 

loss coefficient (per unit of area) of the tank (𝑈𝜕𝑎𝜕𝑘).  There is de-stratification in the tank due to 

the mixing at node interfaces and conduction along the tank wall. To model de-stratification, an 

additional conductivity term (∆𝑘) is added to the conductivity of the tank fluid and is applied to 

the all nodes. The following equation is offered for a rough calculation of the ∆𝑘  (Klein et al., 

2010). 

∆𝑘 = 𝑘𝜕𝑎𝜕𝑘 𝑤𝑎𝑙𝑙
𝐴𝑐,𝑡𝑎𝑛𝑡 𝑝𝑎𝑙𝑙
𝐴𝑐,𝑝𝑎𝑡𝑤𝑤

          (3-4) 

where 𝑘𝜕𝑎𝜕𝑘 𝑤𝑎𝑙𝑙 is the thermal conductivity of the tank wall and 𝐴𝑖 is the cross section area. 
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 The differential equation for the temperature of the 𝑖𝜕ℎ node is expressed as: 

�𝑀𝑠 𝐶𝑝�
𝑎𝑇𝑠
𝑎𝑑

=
(𝑘 + ∆𝑘)𝐴𝑖,𝑠

∆𝑋𝑠+1→𝑠
(𝑇𝑠+1 − 𝑇𝑠) +

(𝑘 + ∆𝑘)𝐴𝑖,𝑠

∆𝑋𝑠−1→𝑠
(𝑇𝑠−1 − 𝑇𝑠) 

+𝑈𝜕𝑎𝜕𝑘𝐴𝑠,𝑠(𝑇𝑒𝜕𝑣 − 𝑇𝑠) + 𝑈ℎ𝑥𝐴ℎ𝑥 (𝐿𝑀𝑇𝐷) 

+ �̇�𝑎𝑑𝑤𝜕𝐶𝑝(𝑇𝑠−1) − �̇�𝑢𝑝𝐶𝑝(𝑇𝑠) + �̇�𝑎𝑑𝑤𝜕𝐶𝑝(𝑇𝑠) − �̇�𝑢𝑝𝐶𝑝(𝑇𝑠+1) 

+ �̇�1𝑠𝜕𝐶𝑝𝑇1𝑠𝜕 − �̇�1𝑑𝑢𝜕𝐶𝑝𝑇𝑠 + �̇�2𝑠𝜕𝐶𝑝𝑇2𝑠𝜕 − �̇�2𝑑𝑢𝜕𝐶𝑝𝑇𝑠           (3-5) 

where  
1
𝑈ℎ𝑥

= 1
ℎ0

+ 𝑃𝑠𝑝𝑒 𝜕ℎ𝑠𝑖ℎ𝜕𝑒𝑠𝑠
𝐾𝑝𝑖𝑝𝑤

+ 1
ℎ𝑖

 

Each segment of the tank’s temperatures are calculated by the integration of their time 

derivatives expressed in the Equation (3-5). At the end of each time step, temperature inversions 

are eliminated by mixing appropriate adjacent nodes. 

The internal heat exchanger overall heat transfer coefficient (𝑈ℎ𝑥 ) and logarithmic mean 

temperature differnce (LMTD) are determined iteratively by Type 60. The outside natural 

convection coefficient of the internal heat exchanger (ℎ0) is determined from: 

 ℎ0 = 𝑁𝑢𝐷×𝑘
𝐷

 , where 𝑁𝑁𝐷 = 𝐶𝐶𝑎𝜕         (3-6) 

where C is constant in Nusselt number correlation, Ra is Rayleigh number, n is exponent in 

Nusselt number correlation, k is the tank fluid thermal conductivity, and D is the outside 

diameter of the heat exchanger tube. Based on the geometry selected for the heat exchanger, the 

value for C and n are 0.5 and 0.25, respectively (Klein at al., 2010). Due to the relatively small 

size of internal heat exchanger, compared with the tank volume, the relatively low average 

velocity of the water in the tank justifies the use of natural convection correlations in the 

analysis.  

The internal convection heat transfer coefficient of the heat exchanger pipe are calculated based 

on the pipe dimensions plus inside fluid flow rate, temperature, and thermal properties.  

 Figure 3-10 shows a simple schematic of the STST.  The selected STST volume is 171 

m3 with a height of 4.5 m. The two inlets and outlets of the tank are connected to the solar and 

BTES loops respectively. The maximum flow rates to the reservoir from the solar, BTES, and 

community loops are 90 m3/hr, 40 m3/hr, and 20 m3/hr respectively. 

The heat exchanger in the tank has the height of 2.1 m. The pipe of the heat exchanger is 

made of copper with the outer diameter of 16 mm and thermal conductivity of 400 W/mK.  The 
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internal heat exchanger comprises of 40 parallel pipes with 20 m length each. The Reynolds 

number, corresponds to the internal flow is calculated to be 15,800. Table 3-4 shows the 

parameters used for the STST’s model. 

 

Figure 3-10 Simplified schematic of short term storage tank 

Table 3-4 Short Term Storage Tank (STST) parameters 

Tank type (Cylindrical) Vertical - 
Tank volume 171 m3 

Tank height 4.5 m 
Height* of inlet flow - BTES loop 3.7 m 
Height* of outlet flow - BTES loop 0.3 m 
Height* of inlet flow - solar loop 0.3 m 
Height* of outlet flow - solar loop 3.7 m 
Number of stratified segments (nodes) 10  
Tank loss coefficient - average 3 kJ/hr.m2K 
Internal heat exchanger pipe size 15.87 mm 
Total internal heat exchanger pipe length 
(40 parallel pipes, 20 m each) 800 m 

Total surface area of heat exchanger 40 m2 

Heat exchanger material conductivity 400 W/mK 
Height* of heat exchanger inlet 3.3 m 
Height* of heat exchanger outlet 1.2 m 

 *All heights are measured from the bottom of the tank 
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3.2.4 Heat exchangers and pumps 

Variable flow pumps with dedicated controls are used for the three most important 

hydronic loops, i.e., the solar, BTES and community loops. For transferring heat harvested from 

the solar collectors to the tank, a plate-and-frame heat exchanger is selected. The maximum flow 

rate of the solar loop heat exchanger on the load side (tank) is 90 m3/hr selected based on the 

tank output flow rate required to meet the community load. The maximum flow rate of the 

source side (solar collectors) is 60 m3/hr calculated as per the flow rates required by the solar 

collector system based on the manufacturer's recommended flow rates. 

3.2.5 Backup boiler and climate data 

The community supplemental heat source selected is a 500 kW natural gas boiler. The 

boiler is mostly in operation for the first few years of system operation, before the BTES 

becomes fully charged and will be redundant then after. The boiler set-point temperature is 41˚C. 

The community thermal load and solar heat are calculated based on the Canadian 

Weather Year for Energy Calculation (CWEC) hourly data for the City of Calgary, 46 km north 

of Okotoks. It is the closest city next to the Calgary which the weather data is available in the 

CWED library. Type 201a  in BTES model, mentioned in Section 3.2.2, uses extended weather 

data with climate parameters such as ground surface albedo, snow cover depth, snow depth 

density and rainfall (Rad et al., 2014).  These parameters are extracted from Environment 

Canada and defined in an additional weather data file. The supplementary hourly weather data 

was used as a separate input file for the BTES model. 

3.3 System simulation results 

3.3.1 BTES performance 

Figure 3-11 demonstrates the five-year simulation results for the BTES system. It shows 

the annual BTES energy losses plus energy injected to and extracted from the ground, which is  

renewed each year starting January 1st. The average ground temperature (AGT) at the beginning 

of year one is 10°C, which is the initial ground temperature. After two years, the average ground 

temperatures start exhibiting almost the same annual fluctuations for the subsequent years. From 

year three, at the beginning of January, the AGT is 57°C. Moving forward a year, as heat is 

extracted from the ground, the AGT drops to the minimum 50°C until around the end of March. 

Then the AGT starts to rise and reaches a maximum temperature of 76°C around mid-October. 



 

47 
 

Figure 3-12 also shows the accumulated energy injected to and extracted from the BTES. 

During heat extraction from the ground, the stored energy starts to decrease until the system 

reaches to the point where it does not require any heat from the ground, and subsequently the 

solar heat is injected into the ground. The heat extraction period is from mid-October to the end 

of March. The solar heat injection is mainly from the rest of the year, i.e., the beginning of April 

to the middle of October, which includes the entire summer and the shoulder seasons. 

During the first year of operation, the ground is mainly becoming charged via heat from 

the boiler and solar-energy injection. In the fifth year, the total annual solar heat injection into 

the ground is calculated to be around 3900 GJ. Of which, 1800 GJ is extracted during the heating 

season. The difference is due to the BTES heat losses as shown in Figure 3-11; the BTES overall 

thermal efficiency is calculated to be 46%.  

 

 

Figure 3-11Annual BTES system accumulated energy and average temperature 
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Figure 3-12 Annual accumulated thermal energy injected into and extracted from the BTES 

3.3.2 System energy and performance 

Figure 3-13 and Figure 3-14 show the system annual accumulated energy in five years. 

The curves represent 1) community heating load, 2) BTES energy injection and extraction, 3) 

solar thermal collectors’ energy collection, and 4) boiler auxiliary heat. 

In year five, 4700 GJ of energy is collected by the solar collectors, and about 4000 GJ of 

that amount is directed into the ground to the seasonal storage. As it can be observed, the total 

annual community thermal load of 2350 GJ is mostly met by the solar thermal collectors via 

BTES. In this year, the heat supplied by the auxiliary boiler is only 103 GJ. The solar fraction 

SF) of the community at the end of the year five is 96%. In other words, almost all the space 

heating demand by the proposed community is met by the solar thermal system with BTES. 
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Figure 3-13 Five-year annual accumulated system energy  

 

 

Figure 3-14 Annual system energy 
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3.3.3 Results comparison 

The annual simulation results, for five years, are tabulated in Table 3-5 and Table 3-6.  

For comparison of the results, published DLSC calculated performance parameters are also 

included in Table 3-5 and Table 3-6 (SAIC Canada, 2002). The annual community thermal 

demands are shown with the negative number as it is served by the main system. 

Table 3-5 Year one and year two simulation summary 

        *Not Available 

Table 3-6 Year three to year five simulation summary 

  Year 3 Year 4 Year 5 
  DLSC Proposed  DLSC Proposed  DLSC Proposed  
Community Thermal Demand (GJ) -2,530 -2,349 -2,530 -2,349 -2,530 -2,349 
Solar Energy Gain (GJ) 3,630 4,926 3,550 4,843 3,520 4,746 
Boiler Supplement Heat (GJ)   (eff=0.85) 390 327 300 171 290 103 
Solar Energy Into the BTES (GJ)  2,200 4,239 2,110 4,185 2,080 4,087 
Solar Energy Extracted from the BTES (GJ) 770 1,692 844 1,818 853 1,892 
BTES Losses (GJ)  NA* 2,268 NA*  2,172  NA* 2,089 
BTES Average Temperature (°C) at yr end 44.3 60.0 51.9 62.0 55.6 64.0 
BTES Efficiency 35% 40% 40% 43% 41% 46% 
Solar Fraction (SF) 85% 86% 88% 93% 89% 96% 

*Not Available 

The proposed system specifications versus the DLSC system are shown in Table 3-7. The 

proposed system’s results, compared to the DLSC’s calculated results, show that with both 

systems having almost the same community heating load, the proposed configuration performs 

better. In year five, one important observation is the ratio of the useful solar energy gain that 

  Year 1 Year 2 
  DLSC Proposed  DLSC Proposed  
Community Thermal Demand (GJ) -2,530 -2,349 -2,530 -2,349 
Solar Energy Gain (GJ) 4,480 6,511 3,830 5,133 
Boiler Supplement Heat (GJ)   (eff=0.85) 860 2,655 600 729 
Solar Energy Into the BTES (GJ)  3,030 6,044 2,390 4,563 
Solar Energy Extracted from the BTES (GJ) 273 705 550 1,339 
BTES Losses (GJ) NA* 2,538  NA* 2,478 
BTES Average Temperature (°C) at yr end 40 49.0 41.4 57.0 
BTES Efficiency 9% 12% 23% 29% 
Solar Fraction (SF) 66% 0% 76% 69% 
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goes to the BTES. This ratio in the DLSC is 60% whereas for the proposed system it is 85%. 

Therefore, in the proposed system, more heat is injected into the ground. In the same year, the 

average ground temperature (AGT) in the proposed system is 64°C and in DLSC is 55.6°C. In 

the proposed system, in year one as the ground is not charged, the inlet fluid temperatures to the 

solar collectors are lower compared to the later years. Therefore, more solar energy is collected 

due to the higher fluid temperature differences between solar collectors’ inlet and outlet flow 

(i.e., 4926 GJ in the year one versus 4087 GJ). 

Figure 3-15 compares the solar fractions (SFs) of the DLSC and the proposed system for 

five years. It is seen that, after three years, the SFs of the proposed system are higher than for the 

DLSC. 

Table 3-7 System specifications summary 

  

 

Figure 3-15 Solar fraction comparison, DLSC vs. proposed system 

DLSC Proposed
144 90

m 37 59
m 3 3
m3 34,133 34,017
m 5,328 5,310

800 600
m2 2,293 1,722
m3 240 171Short Term Storage Tank

BTES Volume
Total Borehole Length
Number of Solar Panels
Total Solar Panel Area

System specifications

Number of Boreholes
Borehole Depth
Borehole Spacing
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3.4 System cost comparisons 
By using the same cost index which was used for the DLSC in 2005-2006 (Hellstrom and 

Sanner, 1997), the initial cost of the proposed system is estimated to be $1.9 million, which is 

19% less from the initial cost of the DLSC. Based on the natural-gas price of $6.17 per GJ 

(Enbridge Gas, 2016), the simple payback for the proposed systems is approximately 38 years. 

More detailed cost investigation is required in future studies. 

Table 3-8 shows the costs for the main system components and provides comparisons. 

Other than the initial cost, by eliminating 25% of solar thermal collector area and 38% of the 

boreholes footprint area, more flexibility in layout planning is available. With possibly more 

unoccupied roof area with high solar radiation levels, solar PV collectors could be installed for 

offsetting the system electrical demand, i.e., pumps, controls and air handlers. 

Table 3-8 Comparison of costs for the DLSC and proposed systems 

  

3.5 Conclusion 
An integrated model for heating a solar community similar to the DLSC with 52 homes is 

developed and simulated. It is shown that by using almost the same system configuration as in 

DLSC and an advanced integrated simulation model, a smaller system with the same or better 

performance can be designed, which ultimately leads to a less expensive system. 

The main improvements in the proposed system compared to the DLSC system are 

summarized as follows: 

DLSC Proposed
144 90
37 59
800 600

116 ($/m) $618,048 $615,960
497 ($/m2) $1,139,621 $855,834

$2,357,669 $1,899,294
Base 19%
Base 38%
Base 25%

Borehole Depth

Total Initial Cost
Initial Cost Saving
BTES Land Area Saving
Solar Area Saving

Short term Storage Tank 
Including the Energy Center

DLSC Cost Index
Number of Boreholes

System Initial Cost (Incremental)

2500 ($/m3) $427,500$600,000

Cost of BTES
Number of Solar Panels

Cost of Solar Panels
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1) Efficient BTES design with less heat losses, by proposing a new borehole field 

configuration and the deeper boreholes. The new model achieves a 38% reduction of the BTES 

footprint. 

 2) By selecting a more detailed STST module with an internal heat exchanger for the 

community loop, in contrast to the simple stratified tank, the STST efficiency and the size 

requirement compare to the DLSC was reduced.  A new STST combined with the BTES designs 

leads reductions in total solar collector area and STST volumetric size of 25% and 29% 

respectively.  

3) Active hourly integration of the thermal loads with all of the system components for 

five years simulation period. The optimum hourly interactions of the community thermal load 

with all system equipment and controls eliminates the unnecessary full-capacity operation in the 

sub-systems, i.e., BTES, solar and community loops. The proposed system shows better results 

comparing to the five years actual operation of the DLSC.  During the first five years of DLSC 

operation, both model and physical system went through the changes and modifications to 

improve the system performance. 

4) Lower initial system cost. The new system requires approximately 19% less capital 

cost to build. In addition to the initial cost, the reduced footprints and real estate requirements are 

significant added benefits. 
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 : Combined Heating and Cooling System for a Solar Community Chapter 4

with Borehole Thermal Storage 
 

The majority of existing solar communities are for heating only, and solar cooling has 

received less attention. Henning (2007) reported about seventy solar assisted cooling systems in 

Europe. For making a solar cooling system economically viable, other systems such as space 

heating or domestic hot water generating system should be integrated or supplemented.  IEA 

Task 25 investigated eleven solar assisted cooling plants in six countries. Two main problems 

with most of the plants were control design and inappropriate commissioning process. More 

development is expected with increased competitiveness of solar cooling technology in future.  

In Chapter 3, the heating only modeling of a solar community similar to the DLSC 

located in Okotoks, Alberta, was presented and compared with the DLSC’s published result 

performance.This chapter presents a unique design for a solar heating and cooling plant for a 

hypothetical community located in Toronto, Canada. This community is also similar to the 

community modeled in Chapter 3 but with the Toronto climate data which needs cooling in 

summer. The solar thermal collectors provide 100% of community heating demand in the heating 

season as well as assisting the absorption chiller in providing cooling for the community in the 

summer time. The system has two sets of BTES with two different storage temperatures. One is 

for storing solar heat and the other for storing rejected waste heat from the chiller at a slightly 

lower temperature than the solar BTES and higher than the ambient temperature. 

4.1 System layout 
Figure 4-1 depicts the system configuration and equipment. The community hydronic 

loop operates in either space heating or cooling mode based on the heating and cooling demands 

(Figure 4-2 and Figure 4-3). In both heating and cooling season, the short-term storage tank 

(STST) receives the harvested solar thermal energy through a solar hydronic loop. 

In the cooling season (Figure 4-3) a high-temperature BTES receives and stores the 

excess heat in the STST. Part of the heat in the STST is transferred to the chiller hot water loop.  

A boiler regulates and maintains the input temperature of the chiller hot water  for the optimum 

chiller operation. The rejected heat from the chiller is directed to the medium temperature BTES. 
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The community fan coils receive the chilled water from chillers’ chilled water loop. In the 

cooling mode, the high and medium temperature borehole systems operate independently. 

 

 

Figure 4-1 Overall system schematic – Solar community space heating and cooling system with high 
and medium temperature BTES 

 

In the heating mode (Figure 4-2) the two borehole systems are connected in the heat 

extraction process. Water from the STST tank first passes through the medium-temperature 

BTES to collect the low-grade heat and then pass through the high-temperature BTES for the 

extraction of higher grade heat. Community fan coils receive hot water from hot water loop 

connected to the STST. The boiler in this loop operates when the temperature of the community 

loop falls below its set point (i.e., 40˚C). 
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Figure 4-2 System schematic– Solar community space heating and cooling system with high and 
medium temperature BTES - Heating mode 

 

Figure 4-3 System schematic– Solar community space heating and cooling system with high and 
medium temperature BTES - Cooling mode 
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4.2 The community heating and cooling load  
The selected community is similar to the community chosen in Section 3.1. It comprises a 

combination of single and multifamily residential houses located in Toronto, Ontario with a 

considerable amount of cooling load. The annual community heating and cooling load are 2350 

GJ and 1181 GJ with the peak heating and cooling load of 457 kW and 369 kW, respectively. 

The heating and cooling loads are calculated by eQuest software (eQuest, 2010).  

Figure 4-4 depicts the hourly community heating and cooling load profile, and Figure 4-5 

shows the monthly heating and cooling demand. The maximum monthly heating and cooling 

demands are 568 GJ and 455 GJ which corresponds to the months of January and July 

respectively. 

 

Figure 4-4 Community hourly heating and cooling load 

 

The houses in the selected community, similar to DLSC, are built as per R2000 standards 

(NRCan, 2012) and are equipped with an air handler with a water-to-air fan coil. The fan coils, 
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depending on the season, receive either hot or chilled water from a central energy center through 

a two-pipe distribution system. The house envelope details are provided in Table 3-1, Chapter 3. 

 

 

Figure 4-5 Community monthly heating and cooling demand 

4.3 System major equipment and methodology 
An integrated heating and cooling system are modeled using TRNSYS 17 software 

(Klein et al., 2010). Figure 4-6 depicts the TRNSYS model layout. 

The system contains four hydronic loops that are connected to the STST, 1) solar loop, 2) 

high-temperature BTES loop, 3) chiller hot water loop, and 4) community hot water loop. There 

are also three other main loops connected to the chiller, 1) hot water loop to the STST, 2) cooling 

water loop to the medium-temperature BTES, and 3) community cold water loop. 

The liquid flow through the solar collectors transfers the solar heat gain to the solar loop 

connected the STST through a heat exchanger. The model receives the hourly community 

heating and cooling loads from the spreadsheets resulting from eQuest community load 

calculations. 

A boiler is connected to the community hot water loop to maintain the desired 

temperature needed for the fan coils in the community in the heating season. The same boiler 

also serves to maintain the hot water temperature required by the chillers through the hot water 

loop. 
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Figure 4-6 TRNSYS heating and cooling model schematic 
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4.3.1 Solar collectors 

The selected solar collectors are of a flat-plate type with the same specifications 

presented in the Section 3.2.1. The solar collectors, similar to the model presented in Chapter 3, 

have the total area of 1722 m2, which includes 600 solar collectors in three parallel arrays with 

200 collectors connected in series. The solar collectors face south and have a 45° surface 

inclination. 

4.3.2 High-temperature BTES 

The high-temperature BTES (solar-BTES) incorporated into the model is identical in shape, and 

size to the BTES presented in Section 3.2.2. As the system model uses two BTESs (solar-BTES 

and chiller-BTES), for consistency in the performance of the two boreholes and accurate 

comparisons, both boreholes are modeled using Type 557. The solar-BTES has 90 boreholes  

each of 59 m depth. The boreholes are configured in a circular field with an average 3 m 

borehole separation. The cylindrical shape storage that contains the boreholes has a volume of 

34,017 m3 with coverage of 580 m2 ground surface area. The nominal HDPE pipe size 

comprising the U-tube ground heat exchanger is 32 mm in diameter. The thermal conductivities 

of the borehole grout and the ground comprising the storage volume are 1.5 W/mK and 2 W/mK 

respectively. 

The borehole layout, which consists of 10 circuits connected in parallel to the main 

header. Each circuit consists of nine boreholes connected in parallel (Figure 3-7 and Figure 3-8).  

4.3.3 Medium temperature BTES 

The medium-temperature BTES (chiller-BTES) is installed in a location without having 

any direct thermal interaction with the solar-BTES. Type 557 is used for the chiller-BTES. The 

configuration and the borehole’s characteristics of the chiller BTES are tabulated in Table 4-1. 

The volume of the cylindrical shaped storage region which contains the boreholes is set 

to 93,470 m3, with the boreholes, placed uniformly within the storage volume. The properties of 

the ground within the storage volume are considered uniform while the properties of the ground 

outside the storage volume are described with several vertical layers. By considering the spacing 

between the boreholes to be 3 m, the storage volume is calculated from the relationship 

suggested in TRNSYS manual (Klein et al., 2010) as shown in Equation (4-1). 



 

61 
 

Storage Volume = π × Number of Boreholes × Borehole Depth × (0.525 × Borehole 

Spacing) 2            (4-1) 

Storage Volume = π × 80× 150 × (0.525×3)2 = 93,470 m3  

Table 4-1 Chiller ground loop heat exchanger parameters – Type 557 

Storage volume 93470 m3 

Borehole depth 150 m 

Header depth 1.2 m 

Number of boreholes 80  

Borehole radius 100 mm 

No. of borehole in series None  

Storage thermal conductivity 2 W/mK 

Storage heat capacity 2016 kJ/m3K 

Inner radius of U-tube 25.5 mm 

Outer radius of U-tube 31.6 mm 

Center to center half distance 76 mm 

Fill thermal conductivity 1.5 W/mK 

Pipe thermal conductivity 0.2423 W/mK 

Total borehole flow rate 154000 kg/hr 

Reference temperature 10 °C 

Pipe to pipe heat transfer Considered  

Fluid specific heat 3.85 kJ/kgK 

Fluid density 968 kg/m3 

Number of simulation years 20  

Maximum storage temperature 100 °C 

 

The depth of each borehole (from the surface) is 150 m. The selected depth is based on 

typical drilling depth possible in Toronto area that will reduce the footprint of the borehole field. 

The number of boreholes is obtained by trial-and-error, and its initial value is calculated from the 

total borehole length which was approximated from the relation between equipment capacity 
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(i.e., Chiller) and value  of borehole length per kilowatt of the equipment capacity (i.e., 40 

m/kW) (GSHP, 2011). 

 The borehole depth is the height of the storage volume.  This value is also the length of 

one of the U-tube heat exchangers from the ground surface to the bottom of the U-tube bend. 

Header depth is the depth below the surface of the top of the U-tube. This value is also 

typically the depth below the surface of the horizontal header pipe which feeds the ground heat 

exchanger.  

The total number of boreholes within the storage volume is 80. The radius of each borehole 

is 100 mm. Each borehole’s circuit has eight boreholes connected in series, and ten circuits are 

connected in parallel.  

The thermal conductivity of the ground comprising the storage volume is considered 2 

W/mK. The properties of the ground are assumed uniform within the storage volume but can be 

specified for different ground layers beyond the storage volume boundary. The heat capacity of 

the ground comprising the storage volume is 2016 kJ/m3K. The properties of the soil within the 

storage volume are considered uniform. The heat exchanger fluid is modelled as an aqueous 

solution of 20% ethanol with a specific heat of 3.85 kJ/kgK and density of 968 kg/m3. 

4.3.4 Short term storage tank 

The STST is a stratified liquid storage tank with the same size and specification described 

in Section 3.2.3. The selected tank model allows for a heat exchanger within the reservoir and 

also allows unmatched inlet and outlet flows. The model type used in TRNSYS (Type 4) is a 

vertical tank with two inlet and two outlet streams and an internal heat exchanger. 

Figure 4-7 shows a simple schematic of the STST.  The selected STST volume is 171 m3 

with a height of 4.5 m. The two inlets and outlets of the tank are connected to the solar and 

BTES loops respectively. The maximum flow rates to the reservoir from the solar and BTES are 

90 m3/hr, 40 m3/hr respectively. The internal heat exchanger is connected to the community loop 

with the flow of 20 m3/hr in the heating season. In the cooling season, the internal heat 

exchanger switches its connection to the chiller hot water loop with the same flow rate. 

The internal heat exchanger in the STST has 2.1 m height. The pipe of the heat 

exchangers is made of copper with the outer diameter of 16 mm and thermal conductivity of 400 

W/mK.   



 

63 
 

 

Figure 4-7 Short Term Storage Tank - simplified schematic 

4.3.5 Heat exchangers and pumps 

Variable flow pumps with dedicated controls are used for the main hydronic loops, i.e., 

the solar, solar-BTES, chiller-BTES, chiller and community loops. For transferring the heat 

harvested from the solar collectors to the tank, a plate-and-frame heat exchanger is selected. The 

maximum flow rate of the solar loop heat exchanger on the load-side (tank) is 90 m3/hr and on 

the source-side (solar collectors) is 60 m3/hr. 

4.3.6 Backup boiler and climate data 

The supplemental heat source selected for the community heating demand as well as the 

chiller is a 500 kW natural gas boiler. In the heating season, the boiler is mostly in operation for 

the first few years of the system operation, before the BTESs becomes fully charged. In the 

cooling season, the same boiler is mostly running to maintain the minimum desired hot water 

loop temperature for the chiller (i.e., 90˚C). 

The community thermal load and solar heat are calculated based on the Canadian 

Weather Year for Energy Calculation (CWEC) hourly data for the City of Toronto.  
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4.3.7 Absorption chiller 

The chiller selected is a single stage absorption chiller type as it can operate in lower hot 

water temperature comparing to the double stage absorption chillers. The energy balance for the 

single effect absorption chiller is calculated from Equation (4-2). 

�̇�𝑖𝑤 = �̇�𝑖ℎ𝑤 + �̇�ℎ𝑤 + �̇�𝑎𝑢𝑥         (4-2) 

�̇�ℎ𝑤  and �̇�𝑖𝑤 are the energy removed from the hot and added to cold water (chiller-

BTES) stream respectively.  

�̇�𝑖ℎ𝑤 is the energy removed from the chilled water loop (community loop), and �̇�𝑎𝑢𝑥 

accounts for the energy consumed by various electrical equipment such as solution pumps, fluid 

stream pumps and controls. 

The chiller COP is defined as shown in Equation (4-3), and the maximum theoretical 

chiller COP can be calculated from Equation (4-4) (Henning, 2007). 

𝐶𝐶𝐶 = �̇�𝑐ℎ𝑝
�̇�𝑎𝑢𝑥+�̇�ℎ𝑝

           (4-3) 

𝐶𝐶𝐶𝑚𝑎𝑥 = (1 − 𝑇𝑐
𝑇ℎ

)( 𝑇𝑐ℎ
𝑇𝑐−𝑇𝑐ℎ

)          (4-4) 

where 𝑇𝑖, 𝑇ℎ and 𝑇𝑖ℎ are cooling water, hot water and chilled water temperatures 

respectively. 

The selected chiller rated capacity is 512 kW with the rated COP of 0.76. Based on the 

entering hot water temperature (i.e., 90˚C) the nominal capacity of this chiller is 460 kW. Table 

4-2 shows the characteristic and performance data for the selected chiller (Broad, 2015). More 

specific details on the chiller specifications are presented in Appendix B. 

In the proposed model in TRNSYS, Type 107, single effect hot water fired absorption 

chiller, is selected. Type 107 uses a normalized catalog data lookup approach to predict the 

performance of the chiller. In this model, the heat required for desorbing the refrigerant is 

provided by the stream or hot water. The energy of the refrigerant absorption process is rejected 

to the cooling water stream and the machine chills the third fluid stream to the designated set 

point temperature. The performance of the chiller is predicted and interpolated within the range 

of data provided. One beneficial feature of this model is that the data, taken directly from 

manufacturer catalogs is normalized so that once the data file is created, it can also be used to 

model the chiller other than the specific size for which the data was intended. The data file 

required by Type 107 is created based on the manufacturer performance data. 
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Table 4-2 Chiller performance data 

 
The file contains values of normalized fraction of full load capacity and fraction of design 

energy input for various values of fraction of design load, chilled water set point temperature, 

entering cooling water temperature and entering hot water temperature. The file contents are 

presented in Appendix C. 

4.3.8 Pumps 

Variable flow pumps with dedicated controls are used for the main hydronic loops. 

Table 4-3 shows the pump power for each loop selected based on the equipment’s flow 

requirements. 

Table 4-3 Pumps’ specification summary 

 

Rated capacity 512 kW
Nominal capacity 460 kW
Rated COP 0.76
Rated hot water inlet temperature 90 ˚C

Hot water flow rate 57.9 m3/h
Rated cooling water inlet temperature 30 ˚C

Cooling water flow rate 154 m3/h
Rated chilled water inlet temperature 12 ˚C

Chilled water flow rate 62.7 m3/h
Adjustable chilled water flowrate 50 -120 %
Adjustable load 5-115 %
LiBr solution concentration 52 %

Chiller Performance Data

Flow Head
Shaft Power 

Capacity
m3/hr m kW

1 Solar loop 57 30 11
2 Solar-STST loop 91 8 5
3 Solar-BTES loop 40 25 6
4 Community-STST loop- Heating 20 6 2

5, 6 Community-STST loop- Cooling 20 6 2
7 Chiller-BTES loop 154 35 24
8 Chiller hot side loop 58 9 3
9 Chiller-community side loop 63 9 4

pump
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4.4 System specifications summary 
The overview of the system design specifications for the major components is 

summarized in Table 4-4.  

Table 4-4 System major components summary 

System Specifications Summary 
Number of solar collectors 600   

Total solar collector area 1,722 m2 
Fluid flow- solar 90,000 kg/hr 

Short term storage tank volume  171 m3 
Solar- BTES     
Number of boreholes 90   
Borehole depth 59 m 
Borehole spacing 3 m 

BTES volume 34,017 m3 
Total borehole length 5,310 m 
Max fluid flow-BTES 40,000 kg/hr 
Chiller (Table 4-2)     
Chiller- BTES     
Number of boreholes 80   
Borehole depth 150 m 
Borehole spacing 3 m 

BTES volume 93,470 m3 
Total borehole length 12,000 m 
Max fluid flow-BTES 154,000 kg/hr 

 

4.5 Simulation results 
Figure 4-8 depicts the simulation results for the accumulated chiller energy sources and 

sinks for five years. The hot water energy sources are from the boiler and the stored solar thermal 

energy out of the STST. During the first year, solar thermal energy along with the boiler energy 

are used for charging the solar-BTES, and then after, the stored solar thermal energy will assist 

the boiler to supply desired heat to the chiller.  

Table 4-5 and Figure 4-9 represent the chiller energy breakdowns for the year one, five, 

ten, fifteen and twenty. In twenty-year simulation time, the chiller provides 1120 GJ cooling to 
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the community loop, and from the second year onward the chiller rejects 2701 GJ heat to the 

chiller-BTES loop annually.   

 

Figure 4-8 Chiller source and sink energy - five years 

Table 4-5 Annual chiller source and sink energy 

Year 1 5 10 15 20 
Chilled water energy (GJ) - chiller sink 1,120 1,120 1,120 1,120 1,120 
Cooling water energy (GJ) - chiller sink 2,687 2,701 2,701 2,701 2,701 
Hot water energy (GJ) - chiller source 1,495 1,509 1,509 1,509 1,509 
Boiler input energy (GJ) 1,737 1,523 1,430 1,388 1,356 
Solar energy used for cooling (GJ) 8 217 304 341 365 

 

The total energy delivered to the chiller hot water loop is 1509 GJ annually, which is 

supplied from the boiler and the solar source.  In the year one, the chillers’ energy source is 

mainly provided by the boiler (i.e., 1737 GJ) and in the subsequent years, the solar energy source 

starts contributing to the chiller hot water loop.  In the year five, the total heat delivered to the 
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chiller (1740 GJ) is comprised of 217 GJ from the solar energy source, and 1523 GJ from the 

boiler source. Eventually, in the year twenty, the solar energy contribution to the chiller reaches 

to 365 GJ, which is 21% of the total energy delivered to the chiller. In year five and beyond, on 

average, the solar energy contribution to the chiller hot water source is 18%, and the rest of the 

heat is supplied by the boiler. 

During the cooling season, the chiller-BTES receives the chillers’ rejected heat from the 

chiller cooling water loop. 

 

 

Figure 4-9 Chiller energy - year 1, 5, 10, 15 and 20 

 

Figure 4-10 presents the solar and chiller BTES average hourly ground temperatures. 

In the year twenty, the ground temperature of the solar-BTES will reach to the maximum of 

80.3˚C and minimum 59.6˚C and the chiller-BTES will reach to the maximum of 69.2˚C and 

minimum of 59.3˚C. 
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Figure 4-10 Solar and chiller BTES average hourly ground temperature – twenty years 

 

Table 4-6 shows the annual maximum and minimum temperatures of the ground for 

solar-BTES and chiller-BTES for twenty years recorded in five years intervals. The ground 

temperature swing in the year twenty is about 21˚C and 10˚C for the solar and the chiller BTES 

respectively. 

Table 4-6 Annual maximum and minimum ground temperatures 

 
Solar BTES Temperature (˚C) Chiller BTES Temperature (˚C) 

Year Max Min Delta Max Min Delta 
1 57.4 10.0 47.4 34.4 10.0 24.4 
5 74.0 49.0 25.0 58.1 48.0 10.1 
10 77.8 54.8 23.0 64.1 54.2 9.9 
15 79.4 57.9 21.5 67.2 57.4 9.8 
20 80.3 59.6 20.7 69.2 59.3 9.9 

 

In the heating mode, the STST's flow temperature to the chiller-BTES should be 

maintained less than the chiller-BTES store media, to recover the stored heat in the chiller-

BTES. Therefore, the chiller-BTES ground temperature after charging (year three onwards) 
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reaches to as high as 50 to 60˚C. This temperature range substantially influences the chillers’ 

heat rejection temperature which is not favorable to the chiller operation. 

In this condition, the nominal capacity of the chiller drops to the minimum of 370 kW. 

By setting the chilled water and hot water temperature to 10˚C and 90˚C, the maximum COP of 

the chiller is calculated to 0.91 (Equation (4-4)). The simulated overall seasonal chiller COPs, 

including the total chillers’ pumping energy, in the year five and the year fifteen are 0.56 and 

0.54 respectively in contrast to the rated chiller COP of 0.76. 

The amount of the injected and extracted heat plus heat loss of the solar-BTES and 

chiller-BTES are presented in Table 4-7.In the first year of the system operation, the injected 

heat into the ground for solar and chiller BTESs are 5704 GJ and 6380 GJ respectively. These 

amounts compare to the subsequent years are higher as the ground is in the charging process. In 

this year, the boiler provides all the heat needed for the chillers’ hot-water loop when all the 

rejected heat from the chiller cooling water loop (i.e., 2678 GJ from Table 4-5) is directed into 

the ground. In the first year, the chiller-BTES also receives heat from the solar-BTES loop in the 

heating season. It means from 6380 GJ annual heat injection into the chiller-BTES, 3702 GJ is 

from the STST. From year five and onwards, both BTESs achieve the designed operation goals. 

From year five to year twenty, the average annual heat retrieved from the solar-BTES and 

chiller-BTES are 1307 GJ and 918 GJ which are 41% and 25% of the average annual injected 

heat respectively. The heat losses from the solar-BTES and chiller-BTES are 1776 GJ and 2528 

GJ which are 56% and 70% of the average annual injected heat respectively.  

Although the solar-BTES are operating at a higher temperature, compared to the chiller-

BTES, the losses from the solar-BTES are less which is because the size difference of two 

BTESs (the chiller BTES is three times larger) and a more efficient operation of the solar-BTES. 

For the year one, five, ten, fifteen and twenty, Figure 4-11 shows the annual injected and 

extracted heat plus the heat losses for the two borehole sets, side by side.  

Figure 4-12 depicts the annual accumulated energy for major heating related components 

in five years. The curve bundle for each year represents 1) community heating load, 2) solar 

thermal collectors’ energy generation, 3) solar-BTES energy injection and extraction, 4) boiler 

auxiliary heat, and 5) chiller-BTES energy injection and extraction. As it is seen, in the course of 

five years, the total energy corresponds to each curve is declining toward the system balancing, 
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which is the year that the changes of the energy magnitudes in subsequent years, for each 

component, become relatively negligible, i.e., the year four and the year five.   

Figure 4-13 and Table 4-8 represents the heating system energy for twenty years, which is 

recorded in five years interval. 

Table 4-7 Solar-BTES and chiller-BTES annual energy 

 

 

 

Figure 4-11 Solar-BTES and chiller-BTES annual energy comparison 
 

Year 1 5 10 15 20

Injected heat (GJ) 5,704 3,486 3,194 3,032 2,936
Extracted heat (GJ) -1,093 -1,427 -1,353 -1,254 -1,192
Heat Loss (GJ) 1,858 1,873 1,775 1,739 1,718

Injected heat (GJ) 6,380 3,874 3,613 3,525 3,478
Extracted heat (GJ) 0 -732 -924 -985 -1,029
Heat Loss (GJ) 1,883 2,736 2,536 2,450 2,388

Solar-BTES

Chiller-BTES
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Figure 4-12 Annual system accumulated energy, heating – five years 

 

Figure 4-13 System energy comparison related to heating mode 
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Table 4-8 System energy related to the heating mode 

Year 1 5 10 15 20 
Useful solar Energy (GJ) 7,415 4,969 4,765 4,699 4,622 
Building (Community) Heating Load (GJ) -2,350 -2,350 -2,350 -2,350 -2,350 
Solar-BTES Charge (GJ) 4,611 2,059 1,841 1,777 1,744 
Chiller-BTES Charge (GJ) 6,380 3,143 2,689 2,540 2,449 
Boiler Energy Use in Heating Mode (GJ) 3,966 197 4 0 0 

 

In the first year of the operation, as the ground is not charged, the solar energy and boiler 

energy use are 7415 GJ and 3966 GJ respectively, which are higher compared to the subsequent 

years. The boiler and solar energy use by the end of the year five are 197 GJ and 4969 GJ, 

respectively. This corresponds to the reduction of 95% boiler energy consumption and 33% solar 

energy use. From year five onward, on average, the solar annual energy use is 4764 GJ where the 

boiler energy consumption is zero. 

The BTES charges are the total amount of stored energy in the ground at each year-end, 

which is the difference between annual heat injected into and the sum of heat extracted from the 

ground plus losses. From the year five to the year twenty, the average year-end charge of the 

solar-BTES and chiller-BTES are 1855 GJ and 2700 GJ respectively. 

In the year ten, the average annual solar harvested energy is 4765 GJ, which is enough to 

supply all energy needed to meet the annual heating load.  The boiler load in the year five is 197 

GJ that it will reach to zero in subsequent years. In other words, the solar fraction (SF) of the 

community for heating at the end of the year five is 91%. The SF is the ratio of the difference in 

boiler energy use and the community heating load, which is solar energy use to the community 

heating load (i.e., SF=100 × (2350-197)/2350). The solar fraction reaches to the 100% beyond 

the year five. 

The solar fraction (SF) of the community for heating in the first five years plus year ten, 

fifteen and twenty are shown in Figure 4-14. In this figure, the solar fractions in cooling mode 

are also included. On average from the year five and beyond the SF in heating is 100% while the 

SF in cooling is 18%. This means for a community which is designed for 100% SF for space 

heating (similar to the design presented in Chapter 3), the same size solar thermal system can 

also deliver 18% of thermal energy needs in the cooling mode.   
 



 

74 
 

 

Figure 4-14 Community Solar Fraction (SF) in heating and cooling mode 

The annual pumping energy consumptions for the major pumps specified in Table 4-3 are 

shown in Figure 4-15 and Table 4-9. The total annual pumping electricity requirement for the 

solar and solar-BTES (pump 1, 2 and 3) in the year-one is 471 GJ (131 MWh) which is 21% 

higher than the year-five (370 GJ) due to the first-year ground charging. The pumping electricity 

consumptions for the chillers’ pumps (pump 7, 8 and 9) are almost constant for the year-one and 

the year-five. The total electricity requirement for the chillers’ pumps is 223 GJ (62 MWh). 

 

Figure 4-15 Annual pumping energy comparisons for the year-one and the year-five 
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Table 4-9 Annual pumping energy consumptions for the year-one and the year-five 

  
Energy  (Year 1) Energy (Year 5) 

pump GJ MWh GJ MWh 
1 Solar loop 86 24 82 23 
2 Solar-STST loop 38 11 36 10 
3 Solar-BTES loop 347 96 252 70 
4 Community-STST loop- Heating 5 1 5 1 

5, 6 Community-STST loop- Cooling 0.4 0.1 0.4 0.1 
7 Chiller-BTES loop 180 50 180 50 
8 Chiller hot side loop 21 6 21 6 
9 Chiller-community side loop 22 6 22 6 

 

The chillers’ hot and chilled water loop compared to the chiller-BTES water loop 

consumes higher pumping energy (21 GJ and 22 GJ vs.180 GJ). The total chillers ’pumping 

energy is equal to the 25% of the input energy to the chiller (1509 GJ). The overall seasonal 

chiller COPs by considering the pumping energy are calculated to be 0.56 and 0.54 for the year 

five and the year fifteen respectively. 

4.6 System cost comparison 
Similar to the Section 3.4, the proposed system incremental cost is compared to the 

systems costings tabulated in Table 3-8 for the DLSC and the modified similar systems.  

Table 4-10 presents the system cost comparisons between solar-thermal-chiller (STC) 

system and the two heating -only solar thermal systems which all serve the same community 

heating and cooling loads. The STC system does not offer any payback over the lifetime of the 

project due to the high initial system cost.  

The total costs are incremental for the major system components which the similar 

components between the systems are excluded. The cost index sources are the same as the 

Chapter 3 Section 3.4 and from the RSMeans (2013) handbook for the absorption chiller.  
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Table 4-10 Solar-thermal-chiller (STC) system cost comparison with the DLSC and modified DLSC 
system 

 

4.7 Conclusion 
In this chapter, the integration of a cooling system to the heating system in a solar 

community with a medium and high-temperature borehole thermal storages were modeled, and it 

was shown that such a system is technically viable.  

The selected community is a heating dominated community that has 50% more annual 

heating demand than the annual cooling demand. The winter peak heating load is 19% higher 

than peak cooling load. 

The simulation results show that the system will reach a favorable operation in year five 

and after. From year five onwards, in the heating season, the community operates with 100% of 

the solar energy and the stored energy in the two BTES systems. In the cooling season, the 

chiller receives 18% of its the required energy from the solar energy source. 

It is also concluded that, from year five, in the heating season, the total extracted energy 

from the two BTESs comprised 31% from the chiller-BTES and 69% from the solar-BTES 

extracted energy.  

Due to the relatively high waste heat amount from the chillers’ cooling water loop, the 

size of the chiller-BTES designed is fairly large. The chiller-BTES size is almost three times 

bigger than the size of the solar-BTES, which was obtained by trial-and-error. The average 

efficiencies of the solar-BTES and chiller-BTES are 44% and 30% respectively. In order to 

reduce the chiller-BTES size and subsequently its initial capital cost, integrating a cooling tower 

for rejecting part of the chillers’ heat can be considered for the future studies. 

Index Heating and Cooling 
DLSC Mod.-DLSC Abs. Chiller

144 90 90 and 80
37 59 59 and 150

2.87 (m2/panel) 800 600 600
116 ($/m) $618,048 $615,960 $2,007,960
497 ($/m2) $1,139,621 $855,834 $855,834

715/570 ($/kW) $0 $0 $291,840
$2,357,669 $1,899,294 $3,583,134

Base 25% 25%

$427,500

Cost of absorption Chiller
Total Initial Cost
Solar Area Saving

Heating Only 
System

Cost of BTES
Cost of Solar Thermal Panels

Short Term Storage Tank                                   
Including the Energy Center 2500 ($/m3)

System Initial Costing (Incremental)- Installed

$600,000 $427,500

Number of Boreholes
Borehole Depth (m)
Number of Solar Thermal Panels 
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In the proposed system, the chiller does not operate optimally, because of the high chiller 

rejecting heat storage media (i.e., chiller-BTES). On average, the chiller functions on almost 

72% of its rated capacity (512 kW vs. 370 kW), and 74% of its rated efficiency (0.76 vs. 0.56).  

Based on the availability of more rooftop space for the solar thermal collectors in the 

community, the heat supply to chiller can be designed in a way to have more contribution from 

solar heat rather than the boiler heat.  

There is substantial initial system costs associated with the proposed system compared to 

the conventional boiler-chiller system. However, due to the relatively small system operation 

cost, future study and investigation on the economy of the system are required. 

Finally, in such systems, several major hydronic loops need electricity for running their 

associated pumps and controls. The amount of the electricity required for the pumps operation 

should also be considered in the economics of the system. Integration of solar photovoltaic (PV) 

system can offset part or all of the system electrical demand. 
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 : Community Heating and Cooling with the Central Heat Pump Chapter 5

and Borehole Thermal Energy Storage System  
 

In this chapter, the heating and cooling of the same community that was described and 

modeled in Chapter 4 are investigated with a central heat pump, BTES, and photovoltaic system. 

The result of this investigation by modeling the system in TRNSYS will be used as the base case 

for evaluating a newly proposed system which has a similar configuration with the addition of a 

solar thermal and a new high-temperature BTES system. The goal is to increase the system 

performance by introducing relatively higher temperature to the heat pump system during the 

heating season from the solar thermal and a new BTES source. The proposed system will be 

presented in Chapter 6. 

In this base case scenario, the existing space on the roofs will be used to install solar 

photovoltaic (PV) to generate electricity for the heat pumps’ operation. 

5.1 System layout 
Figure 5-1 depicts the system configuration and main equipment for the community 

heating and cooling system with central heat pumps, BTES and PV, called HPPV system. The 

community hydronic loop operates in either heating or cooling mode based on the community 

heating and cooling demands.  

The heat pump units located at the central mechanical room (energy center) provided hot 

or chilled water via a storage tank to the community’s fan-coil system. In the cooling season, the 

heat pump condensers reject heat to the BTES and during the heating season heat is extracted 

from the BTES to the heat pump evaporators.  

The PV panels offset heat pumps electricity requirements. The power generation and 

consumptions are assumed to be able to be net-metered via the utility company. This will allow 

sending the electricity during the day to the grid and use the required electricity from the grid at 

any time. In the net-metering program, the annual utility charges will be based on the difference 

between the sending and receiving of the total kilowatt-hours of electricity to and from the grid 

system.     
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Figure 5-1 Overall system schematic - HPPV system 

5.2 The community heating and cooling load  
The selected community heating and cooling loads are similar to the community chosen 

in Chapters 4 Section 4.2. It comprises a combination of single and multifamily residential 

houses located in Toronto, Ontario with a considerable amount of cooling load. The annual 

community heating and cooling load are 2350 GJ and 1181 GJ with the peak heating and cooling 

load of 457 kW and 369 kW respectively.  

The houses in the community, as described in Chapter 3 Section 3, are built based on 

R2000 standards (NRCan, 2012) and are equipped with an air handler with a water-to-air fan 

coil. The fan coils, depending on the season, receive either hot or chilled water from a central 

energy center through a two-pipe distribution system. 
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5.3 System major equipment and methodology 
The system is modeled using TRNSYS 17 software (Klein et al., 2010). Figure 5-2 

depicts the TRNSYS model layout. 

The system contains three hydronic loops; 1) heat pumps-STST loop, 2) heat pumps- 

BTES loop and 3) community loop. The model receives the hourly community heating and 

cooling loads from two spreadsheets, which are created from the eQuest software load 

calculations results. 

 

Figure 5-2 TRNSYS heat pump heating and cooling model schematic – HPPV system 
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5.3.1 Heat pumps 

The heat pump selected for this model is the water-to-water ground loop type having high 

efficiency and direct digital control. Four individual heat pumps connected in parallel are used in 

this design. The rated capacities of each heat pump in heating and cooling mode are 117 kW and 

93 kW respectively. In the cooling mode, the rated heat pump’s EER is 5.4 (W/W) and in the 

heating mode, the heat pump has the COP of 3.4 (ClimateMaster Inc., 2016). The total rated 

capacity of the four heat pumps in heating and cooling mode are 468 kW and 372 kW 

respectively. Table 5-1 shows the overall performance and specifications of each heat pump. 

More details are presented in Appendix D. 

Table 5-1 Individual heat pump specifications by the manufacturer 

Ground Loop Heat Pump* 
Specifications Summary 

Heating capacity 93 kW 
COP heating 3.4 - 
Cooling capacity 117 kW 
EER cooling 5.4 W/W 
Load side water flow range  2.84 to 5.68 l/s 
Source side water flow range 2.84 to 5.68 l/s 
Load leaving temperature range -4.4 to 60 °C 
Source leaving temperature range -6.7 to 54.4 °C 
Refrigerant HFC- 410A   
* ClimateMaster,Tranquility,TMW-360 

 In TRNSYS, Type 927 is water-to-water heat pump component that models the heat 

pump, designed by Mitchell and Braun (1997). The heat pumps condition the load side liquid 

stream by rejecting heat to (cooling mode) or absorbing heat from (heating mode) source side 

liquid stream. This model is based on the user-supplied data file containing catalog data for the 

capacity and power draw, depending on the entering load and source fluid temperatures. 

Following the data file required syntax by the Type 927, the two performance data file were 

created for the cooling and heating mode. The data files contents are presented in Appendix E. 

The heat pump COP at the current condition and the amount of energy absorbed from the 

source fluid stream (�̇�𝑎𝑎𝑠𝑑𝑠𝑎𝑒𝑎) in heating mode are calculated using Equations (5-1) and (5-2). 
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𝐶𝐶𝐶 = 𝐶𝑎𝑝ℎ𝑤𝑎𝑡𝑖𝑛𝑎
�̇�ℎ𝑤𝑎𝑡𝑖𝑛𝑎

           (5-1) 

�̇�𝑎𝑎𝑠𝑑𝑠𝑎𝑒𝑎 = 𝐶𝑎𝐶ℎ𝑒𝑎𝜕𝑠𝜕𝑎 −  �̇�ℎ𝑒𝑎𝜕𝑠𝜕𝑎          (5-2) 

𝐶𝑎𝐶ℎ𝑒𝑎𝜕𝑠𝜕𝑎 is heat pump heating capacity at current condition and  �̇�ℎ𝑒𝑎𝜕𝑠𝜕𝑎 is power 

drawn by the heat pump in heating mode. 

The outlet temperatures of the source and load liquid streams (in ˚C) can then be 

calculated using Equations (5-3) and (5-4). 

𝑇𝑠𝑑𝑢𝑠𝑖𝑒,𝑑𝑢𝜕 = 𝑇𝑠𝑑𝑢𝑠𝑖𝑒,𝑠𝜕 −
|�̇�𝑎𝑎𝑠𝑐𝑤𝑎𝑤𝑎|

�̇�𝑠𝑐𝑢𝑤𝑐𝑤×𝐶𝑝𝑠𝑐𝑢𝑤𝑐𝑤
      (5-3) 

𝑇𝑙𝑑𝑎𝑎,𝑑𝑢𝜕 = 𝑇𝑙𝑑𝑎𝑎,𝑠𝜕 + 𝐶𝑎𝑝ℎ𝑤𝑎𝑡𝑖𝑛𝑎
�̇�𝑙𝑐𝑎𝑎×𝐶𝑝𝑙𝑐𝑎𝑎

        (5-4) 

where �̇�𝑙𝑑𝑎𝑎 and �̇�𝑠𝑑𝑢𝑠𝑖𝑒 are mass flow rates of the liquids on the load side and source side 

respectively in kg/hr. 𝐶𝐶𝑙𝑑𝑎𝑎 and 𝐶𝐶𝑠𝑑𝑢𝑠𝑖𝑒 are specific heats of the liquid on the load and source 

side of the heat pump in kJ/kg.K. 

Similarly in cooling mode Equations (5-5), (5-6), (5-7) and (5-8) are used to obtain the 

COP at the current condition, from the energy rejected by the source fluid stream in kJ/hr and 

outlet temperatures of the source and the load liquid streams. 

𝐶𝐶𝐶 = 𝐶𝑎𝑝𝑐𝑐𝑐𝑙𝑖𝑛𝑎
�̇�𝑐𝑐𝑐𝑙𝑖𝑛𝑎

           (5-5) 

�̇�𝑠𝑒𝑟𝑒𝑖𝜕𝑒𝑎 = 𝐶𝑎𝐶𝑖𝑑𝑑𝑙𝑠𝜕𝑎 + �̇�𝑖𝑑𝑑𝑙𝑠𝜕𝑎          (5-6) 

𝑇𝑠𝑑𝑢𝑠𝑖𝑒,𝑑𝑢𝜕 = 𝑇𝑠𝑑𝑢𝑠𝑖𝑒,𝑠𝜕 + |�̇�𝑤𝑤𝑟𝑤𝑐𝑡𝑤𝑎|
�̇�𝑠𝑐𝑢𝑤𝑐𝑤×𝐶𝑝𝑠𝑐𝑢𝑤𝑐𝑤

       (5-7) 

𝑇𝑙𝑑𝑎𝑎,𝑑𝑢𝜕 = 𝑇𝑙𝑑𝑎𝑎,𝑠𝜕 −
𝐶𝑎𝑝𝑐𝑐𝑐𝑙𝑖𝑛𝑎

�̇�𝑙𝑐𝑎𝑎×𝐶𝑝𝑙𝑐𝑎𝑎
        (5-8) 

 

The main parameters and input data used in Type 927 are tabulated in Table 5-2. The 

heat pumps’ source side fluid connected to the BTES is 20% in volume ethanol-in-water solution 

with the freezing point of -10˚C.  

5.3.2 Short term storage tank (STST) 

The STST is a stratified liquid storage tank with the same size and specifications 

demonstrated in Chapter 3 Section 3.2.3 but without an internal heat exchanger. The tank volume 

is 171 m3  has a vertical cylindrical shape with the height of 4.5 m. The maximum flow rates to  
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Table 5-2 Heat pump parameters - Type 927 

Number of identical heat pumps  4 - 
Rated cooling capacity per heat pump 93 kW 
Rated cooling power per heat pump 27 kW 
Rated heating capacity per heat pump 117 kW 
Rated heating power per heat pump 22 kW 
Rated source flow rate per heat pump 4.25 l/s 
Rated load flow rate per heat pump 4.25 l/s 
Source fluid specific heat 3.85 kJ/kgK 

Source fluid density 968 kg/m3 
Load fluid specific heat 4.19 kJ/kgK 

Load fluid density 1000 kg/m3 

 

the load (community) and from the source (heat pump) are 61.2 m3/hr each which is based on the 

heat pumps’ flow rate requirement. 

Type 4, in TRNSYS, is selected for the STST. It is a stratified storage tank with two 

optional auxiliary heaters. The thermal performance of a fluid-filled sensible energy storage tank, 

subject to thermal stratification, is modeled by assuming that the tank consists of N (N < 100) 

fully-mixed equal volume segments. The value of N determines the degree of stratification. If N 

is equal to 1, the storage tank is modeled as a fully-mixed tank, and no stratification effects are 

possible. Options of fixed or variable inlets, unequal size nodes, temperature dead band on heater 

thermostats, incremental loss coefficients, and losses to the flue gas of the auxiliary heater are all 

available in this model. In this instance, two fixed inlets, equal nodes, and no auxiliary heaters 

are used. Table 5-3 shows the selected main parameters of the storage tank. 

Table 5-3 Storage tank parameters - Type 4 

Tank volume 171 m3 

Fluid specific heat 4.18 kJ/kgK 
Fluid density 1000 kg/m3 
Tank loss coefficient 3 kJ/hrm2K 
Tank temperature levels (nodes) 9 - 
Height of each node 0.5 m 
Set point temperature - heating/cooling 40 / 10 °C 
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5.3.3 Medium-temperature BTES 

In this chapter, in order to model the base case heat-pump system, default TRNSYS 

BTES model (Type 557) is selected. The configuration and the borehole’s characteristics are 

similar to the Chiller-BTES design in Chapter 4, Section 4.3.2. 

The volume of the cylindrical shaped storage region which contains the boreholes is set 

to 93,470 m3, with the boreholes, placed uniformly within the storage volume. The total number 

of boreholes in the storage volume is 80, and the depth of each borehole (from the surface) is 150 

m with 3 m separation. The selected depth is based on typical drilling depth possible in Toronto 

area and will also reduce the footprint of the borehole field because the fairly deep boreholes are 

employed.  

The radius of each borehole is 100 mm. Each borehole’s circuit has eight boreholes 

connected in parallel in ten parallel circuits.  

The thermal conductivity of the ground comprising the storage volume is considered 2 

W/mK. The properties of the ground are assumed uniform within the storage volume. The heat 

exchanger fluid is modeled as an aqueous solution of 20% ethanol with a specific heat of 3.85 

kJ/kgK and density of 968 kg/m3. More details can be found in Table 4-1. 

5.3.4 Pumps 

Variable flow pumps with dedicated controls are used for the main hydronic loops, i.e., 

heat pumps’ source and load loops and the community loop. As per heat pump’s manufacturer 

recommendations, the pumps selected (for both source and load side) have a maximum flow rate 

of 61.2 m3/hr with 9 kW shaft power capacity and an assumed head of 35 m. 

5.3.5 Climate data 

The community thermal load and solar heat are calculated based on the Canadian 

Weather Year for Energy Calculation (CWEC) hourly data for the City of Toronto.  

5.3.6 Solar photovoltaic (PV) panel 

To offset the community electricity requirements, PV panels are laid on the top of the 

garage’s rooftops. The total available rooftop area for the community is 2,293 m2 (Table 3-7).  

The PV panels selected are high performance 320 W panels with an average efficiency of 

19.9%. Table 5-4 shows the key data of the PV panels and detail specifications are presented in 

Appendix F. 
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Table 5-4 Photovoltaic panels parameters  

Photovoltaic Panel* 
Specifications Summary 

Nominal power 320 W 
Average PV panel efficiency 19.9 % 
Rated voltage 54.7 V 
Rated current 5.9 A 
Operating temperature -40 to +85 °C 
Power temperature coefficient -0.38 % / °C 
Panel area 1.6 m2 
Power degradation after year 5 to 25 -0.4 % / Year 
* SUNPOWER Solar panel E20-327 

   

The available rooftop area can accommodate 1,400 of the above PV panels with the total 

power capacity of 448 kW. 

Type 194 in TRNSYS is used to model and estimate the power generation of the PV 

system. The results of the PV performance and electricity generation from TRNSYS are also 

compared with the RETScreen software which is used for the economic analysis (RETScreen, 

2016).  

In TRNSYS, the photovoltaic array (Type 194), determines the electrical performance of 

the system using a five-parameter model (Duffie and Beckman, 1991). The model is based on the 

calculation method presented by DeSoto et al. (2007). Type 194 may be used in simulations 

involving electrical storage batteries, direct load coupling, and utility grid connections. The 

model determines the current and power of the array at a specified voltage. Other outputs include 

current and voltage at the maximum power point. It includes a mode that allows an inverter to be 

modeled with the PV. This coupling allows the limitations of the inverter to affect the 

performance of the PV array directly. These limitations include the minimum and maximum 

allowable input voltage and maximum allowable input power. Based on the manufacturer data, 

Table 5-5 presents the parameters used in Type 194. 
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Table 5-5 Photovoltaic array parameters – Type 194 

Module short-circuit current  6.24 A 
Module open-circuit voltage  64.8 V 
Module voltage at max power point 54.7 V 
Module current at max power point 5.86 A 
Current Temperature coefficient 3.5 mA / °C 
Voltage Temperature coefficient -176.6 mV / °C 
Number of modules in series 10 - 
Number of modules in parallel 140 - 
Maximum inverter power 450 kW 
Maximum inverter voltage 650 V 
Minimum inverter voltage 500 V 
Inverter efficiency 95% - 

5.4 Overall system specifications  
The overview of the system design specifications for the major components is 

summarized in Table 5-6.  

Table 5-6 System major components summary 

System Specifications Summary 
Photovoltaic Panels   
Number of PV panels 1400   

Total solar panel area 2,240 m2 
Rated power for each panel 320 W 
Heat Pumps – water to water     
Number of  heat pumps 4   
Total cooling capacity 372 kW 
Total heating capacity 468 kW 
COP heating 3.4 - 

EER cooling 5.4 W/W 
Rated source and load side flow rate 61.2 m3/hr 
BTES / Geo-exchanger     
Number of boreholes 80   
Borehole depth 150 m 
Borehole spacing 3 m 
BTES volume 93,470 m3 
Total borehole length 12,000 m 

Max fluid flow-BTES 61.2 m3/hr 
STST volume 171 m3 



 

87 
 

5.5 Simulation results 
Figure 5-3 depicts the simulation results for the annual accumulated heat pumps’ energy 

source and sink plus the electricity for five years. The load and source side energy amount are 

the heat that is transferred to or received from the STST and the BTES respectively.  

Based on the 20-years simulation time, Table 5-7, Figure 5-4, and Figure 5-5 show the 

heat pumps’ energy and performance in five-year intervals (i.e., 1, 5, 10, 15 and 20). In the year 

five, in the heating mode, the total heat transferred to the STST is 2442 GJ, which is the sum of 

the total heat extracted from the BTES (1706 GJ) and electricity delivered to the heat pumps 

(736 GJ). 

 

  

Figure 5-3 Heat pump accumulated annual energy - five years 
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Table 5-7 Annual heat pumps energy and performance  

 
Heating 

Year 1 5 10 15 20 
Heat transferred to the load (GJ) 2,472 2,442 2,442 2,443 2,441 
Heat transferred from the source (GJ) 1,738 1,706 1,704 1,703 1,700 
Electric energy (GJ) 735 736 738 740 740 
COP (seasonal) 3.4 3.3 3.3 3.3 3.3 

 
Cooling 

Year 1 5 10 15 20 
Heat transferred from the load (GJ) 1,379 1,381 1,382 1,384 1,385 
Heat transferred to the source (GJ) 1,621 1,619 1,618 1,619 1,618 
Electric energy (GJ) 241 238 236 234 233 
COP (seasonal) 5.7 5.8 5.9 5.9 5.9 

 

 

 

Figure 5-4 Heat pumps’ energy in heating mode - year 1, 5, 10, 15 and 20 
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Figure 5-5 Heat pumps’ energy in cooling mode - year 1, 5, 10, 15 and 20 

 

In the year five, in the cooling mode, the heat transferred to the BTES is 1619 GJ, which 

is the sum of the heat extracted from the STST (1381 GJ) and the electricity delivered to the heat 

pumps (238 GJ). 

After year one, the performance of the heat pumps is almost stable during the whole 

simulation time (i.e., 20 years). The heat pump seasonal COPs are 3.3 and 5.9 in heating and 

cooling mode respectively. The simulated heat pumps’ seasonal COPs compared to the rated heat 

pump’s COPs are very close in heating mode and better in cooling mode. This demonstrates a 

relatively optimum heat pump operation in a year. The rated COP of the heat pump, provided by 

the manufacturer, in the cooling mode, is 5.4, measured at the source and load temperatures of  

25 ˚C and 12 ˚C respectively. The rated heat pump’s  COP in the heating mode is 3.4, measured 

at the source and load temperatures of 0 ˚C and 40 ˚C respectively. 

The pumping energy requirement for the two hydronic loops of the heat pumps is 

estimated to be 161 GJ (44.7 MWh) annually. Figure 5-6 shows the annual accumulated 

pumping energy for both load-side (STST) and source-side (BTES) of the heat pumps’ hydronic 

loops. 
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Figure 5-6 Annual accumulated pumping energy of the heat pumps’ hydronic loops 

 

By including the pumping energy to the system supplied energy, the overall system COP 

in heating and cooling seasons are calculated to be 2.8 and 4.1, respectively. The overall annual 

system COP is estimated to be 3.1, which is calculated by dividing the total annual system’s 

useful delivered energy (heating and cooling) by the total annual input electricity. 

Figure 5-7 depicts the average hourly ground temperature simulated in twenty years. The annual 

ground temperature swing, the difference between peak cooling and heating, is 3.8 °C. In year 

twenty the ground temperature is 1.4 °C less than the year one. The ground temperature drop is 

due to the imbalance community heating and cooling load which in this case the community 

heating demand is about 50% higher than its cooling demand. Table 5-8 and Figure 5-8 show the 

average ground temperatures in the year 1, 5, 10, 15 and 20. 

Table 5-8 Minimum, maximum and average ground temperatures and temperature swing 

Year 1 5 10 15 20 
Minimum Temperature (°C) 7.6 7.1 6.7 6.4 6.2 
Maximum Temperature (°C) 11.4 11.0 10.6 10.3 10.1 
Average Temperature (°C) 9.5 9.1 8.7 8.4 8.2 
Annual Temperature swing (°C) 3.8 3.8 3.8 3.8 3.8 

 

 



 

91 
 

 
Figure 5-7 BTES hourly average ground temperature - twenty years 

 

 

Figure 5-8 Minimum, maximum and average ground temperature - twenty years 
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The ground-loop inlet and outlet temperature difference do not change significantly 

during twenty years. Therefore, the heat pumps’ performance will not change drastically despite 

the small variations in the average ground temperature. Figure 5-9 shows the hourly ground inlet 

and outlet fluid temperatures in the first five years. As it shows, in all years in the heating mode, 

the minimum fluid outlet temperature from the ground is around 0°C, which is the same as fluid 

inlet temperatures (EFT) to heat pumps. In the cooling mode, the maximum ground fluid outlet 

temperature is 27°C.  The minimum and maximum outlet fluid temperature from the ground  

(i.e., 0°C and 27°C) happen in few hours of the year and are in the acceptable heat pump EFTs. 

More detail on the minimum heat pump’s EFTs can be seen in the heat pump manufacturer’s 

data shown in Appendix D.  

 

Figure 5-9 BTES hourly inlet and outlet fluid temperature and average ground temperature  

- five years 
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The 448 kW photovoltaic system generates 570 MWh (2,052 GJ) electricity, which based 

on the net-metering program all will be transferred to the local grid system. The PV and the 

inverter efficiencies are 19.6% and  95% respectively. Figure 5-10 shows the annual PV system’s 

hourly and cumulative electricity generation. 

The annual heat pumps electricity demands, in the year five, are 736 GJ and 238 GJ in 

the heating and the cooling mode respectively with the total of 974 GJ (Table 5-7). This amount 

is equivalent to the 271 MWh. By including the heat pumps hydronic annual pumping energy ( 

44.7 MWh), the total electricity requirement for the heat pump system will be 315.7 MWh, 

which is 55% of the total PV power generation capacity. The balance of the generated power 

(254.3 MWh) can be used for the rest of the system and in the community. 

 

 

Figure 5-10 Annual PV system hourly and cumulative electricity generation 
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5.6 System cost comparison 
Similar to the Section 3.4, the proposed system incremental cost is compared to the 

systems costings tabulated in Table 3-8 for the DLSC and the modified similar systems.  

Table 5-9 presents the system cost comparisons between heat-pump-PV (HPPV) system 

and solar-thermal-chiller (STC) system and the two heating-only solar thermal systems which all 

serve the same community heating and cooling loads. The HPPV system does not offer any 

payback over the lifetime of the project due to the high initial system cost. Based on the blended 

electrify rate of $0.21 per kWh (OEB, 2016), the simple payback of the HPPV system is 

estimated to be 44 years. 

 

Table 5-9 Heat pump system cost of the DLSC and modified DLSC systems 

 

The total costs are incremental for the major system components, i.e.  the similar 

components between the systems are excluded. The cost index sources are the same as the 

Chapter 3 Section 3.4 and from the RSMeans (2013) handbook for the heat pumps, absorption 

chiller, and solar PV panels.  

The HPPV system, which provides both heating and cooling, costs 19% less than STC 

system and requires 24% less area for the solar panels. On the other hand, the STC system as 

described in Chapter 4, had the solar fraction of 18% in cooling which means the absorption 

chiller needs to use the boiler for its 82% of energy needs. This brings about $7,204 annual 

Index
DLSC Mod.-DLSC Abs. Chiller Heat Pump-PV

144 90 90 and 80 80
37 59 59 and 150 150

2.87 (m2/panel) 800 600 600 0

1.6 (m2/panel) 0 0 0 780
116 ($/m) $618,048 $615,960 $2,007,960 $1,392,000
497 ($/m2) $1,139,621 $855,834 $855,834 $0

3 ($/W) $0 $0 $0 $748,800

715/570 ($/kW) $0 $0 $291,840 $334,620
$2,357,669 $1,899,294 $3,583,134 $2,902,920

Base 25% 25% 49%

System Initial Costing (Incremental)- Installed

$600,000 $427,500

Number of Boreholes
Borehole Depth (m)
Number of Solar Thermal Panels 

* the number of the PV panels corresponds to the heat pumps power and  their hydronic pumping energy

$427,500

Cost of Solar PV Panels with Inverter

Heating and Cooling 

$427,500

Cost of Heat Pumps / Absorption Chiller
Total Initial Cost
Solar Area Saving

Heating Only 
System

Number of Solar PV panels *
Cost of BTES
Cost of Solar Thermal Panels

Short Term Storage Tank                                   
Including the Energy Center 2500 ($/m3)
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operating (incremental) cost to the STC system compared to the HPPV incremental operating 

cost of zero. The chillers’ annual operating cost associated with the boiler’s natural gas (NG) 

consumption is estimated from the boiler NG use (Table 4-5) multiplied by the delivered NG 

price per GJ, which is $6.17 (Enbridge Gas, 2016). 

5.7 Conclusion 
In this chapter, heat pumps with BTES and photovoltaic system were modeled for a 

community in Toronto area. The selected community is a heating dominated community that has 

50% higher annual heating demand than the annual cooling demand. The winter peak heating 

load is 19% greater than peak cooling load. 

The simulation results show that the system operates favorably from the first year and 

does not have any significant performance degradation in 20 years.  

Due to the imbalance community annual heating and cooling loads, the average ground 

temperature drops 1.4°C in twenty years. This change has been considered in the BTES sizing 

design in the way to show the minimal effect on the system performance. 

On average, the heat pumps perform with the seasonal COP of 3.3 in the heating mode 

and 5.9 in the cooling mode. In the heating mode, heat pumps provide 2442 GJ heat to the STST 

consisting of 1704 GJ from the BTES and 738 GJ (205 MWh) from the electricity grid. In the 

cooling mode, the heat pumps use 236 GJ (66 MWh) electricity to extract 1382 GJ heat from the 

STST and inject 1,618 GJ heat to the BTES annually. 

The total heat pumps’ power load, including their pumping energy, is 315.7 MWh 

annually, which can be net-metered by 780 PV panel’s production, installed on the rooftops. The 

total available rooftop area in the community is 2293 m2 which can accommodate 1433 PV 

panels. The potential electricity generation capacity using all available rooftop area is 570 MWh 

annually. The heat pumps’ energy, including their hydronic-pumps, requires 55% of this total 

power generation capacity. 

Based on the high-level costing analysis, the HPPV system capital incremental cost is 

19% more economical than the solar-thermal-chiller (STC) system. The HPPV does not have any 

incremental operating cost compared to the STC system. 
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 : Solar Community Heating and Cooling System with Central Heat Chapter 6

Pump and Borehole Thermal Energy Storage System  
 

In Chapter 5, a new system presented for heating and cooling the same community used 

in Chapter 4. The community heating and cooling energy were provided through a storage tank 

connected to a central heat pump system exchanging heat with a borehole thermal energy 

system. In cold climates like Canada, where the heating requirements are relatively higher than 

cooling in a given year, such a system performance degrades in few years as the result of the 

imbalance heating and cooling loads. In the heating mode, after few years of operation, the 

ground temperature drops, and subsequently, the heat pump entering fluid temperature decreases.   

As the result, the heat pump operates less efficiently. Following the study made on the heat pump 

system (Chapter 5), in this chapter, a solar thermal system with borehole thermal energy storage 

is integrated into the same heat pump system (ST-HPPV).  

The heat pump-PV system case (HPPV), presented in Chapter 5, will be used as a base 

case (BC) to compare how the newly introduced system will perform. 

6.1 System layout 
Figure 6-1 depicts the system configuration and main equipment of the proposed ST-

HPPV system. The community hydronic loop operates in either heating or cooling mode based 

on the community energy demands.  

The heat pump units (HPs) located at the central mechanical room (energy center) 

provided hot or chilled water via a storage tank (HP-STST) and a heat exchanger to the 

community’s fan-coil system. In the cooling season, the heat pump condensers reject heat to the 

heat pump BTES (HP-BTES) and during the heating season heat is extracted from the solar short 

term storage tank (solar-STST) to the heat pump evaporators.  

The solar-STST receives the harvested solar thermal energy through a solar hydronic 

loop all year around.  Solar-BTES receives the heat stored in the solar-STST during the cooling 

season and provides the stored heat back to the solar-STST in the heating season.  

 

 



 

97 
 

 

Figure 6-1 Overall ST-HPPV system schematic 

In the cooling mode (Figure 6-2), the solar thermal system, including the solar-BTES and 

solar-STST, operates independently. Both the solar-BTES and the HP-BTES receive heat for the 

seasonal storage. HP-BTES receives the rejected heat from the heat pumps, and solar-BTES 

receives the harvested heat from the solar thermal system.  

In the heating mode (Figure 6-3) the heat pumps’ source-side hydronic loop is connected 

to the solar-STST to receive the required heat. A hydronic loop connects the solar-STST to the 

HP-BTES and the solar-BTES. The fluid flow passes through HP-BTES from the solar-STST 

first and then go through the solar-BTES and then back to the solar-STST. The HP-BTES 

operates at the lower temperature than the solar-BTES due to the heat pumps operation 

requirement. Therefore, the solar-BTES and HP-BTES are called high and medium temperature 

BTESs respectively. 
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Figure 6-2 ST-HPPV system schematic in cooling mode 

 
Figure 6-3 ST-HPPV system schematic in heating mode 
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6.2 The community heating and cooling load  
The selected community heating and cooling loads are similar to the community chosen 

in Section 5.2 and  Section 4.2. It comprises a combination of single and multifamily residential 

houses located in Toronto, Ontario with a considerable amount of cooling load. The annual 

community heating and cooling load are 2350 GJ and 1181 GJ with the peak heating and cooling 

load of 457 kW and 369 kW respectively.  

The houses in the community, as described in Chapter 3 Section 3, are built based on 

R2000 standards (NRCan, 2012) and are equipped with an air handler with a water-to-air fan 

coil. The fan coils, depending on the season, receive either hot or chilled water from a central 

energy center through a two-pipe distribution system. 

6.3 System major equipment and methodology 
The system is modeled using TRNSYS 17 software (Klein et al., 2010). Figure 6-4 

depicts the TRNSYS model layout. 

The system contains three hydronic loops connected to the solar-STST, 1) solar loop, 2) 

high-temperature solar-BTES loop and 3) heat pump source hot-water source loop. There are 

also three other main loops connected to the heat pumps, 1) hot or chilled water loop from heat 

pumps to the HP-STST, 2) heat rejecting water loop to the medium-temperature BTES, and 3) 

community chilled or hot-water loop from the HP-STST. 

The liquid flow through the solar collectors transfers the solar heat gain to the solar loop 

connected the solar-STST through a heat exchanger. The model receives the hourly community 

heating and cooling loads from the spreadsheets resulting from eQuest community load 

calculations. 

6.3.1 Heat pumps 

The heat pumps selected for this model is similar to the heat pumps presented in Chapter 

5 Section 5.3.1. There are four heat pumps with each having the rated capacities of 117 kW and 

93 kW in heating and cooling mode respectively. The total rated capacity of the heat pumps in 

the heating and cooling mode are 468 kW and 372 kW respectively. 

In TRNSYS, Type 927 is water-to-water heat pump component,  which is selected for 

this model. Heat pump specification and Type 927 parameters are shown in Chapter 5 Table 5-1 

and Table 5-2. 
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Figure 6-4 TRNSYS solar thermal-heat pump-PV (ST-HPPV) model schematic 
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6.3.2 Heat pump short term storage tank (HP-STST) 

The HP-STST is similar to the STST presented in Chapter 5 Section 5.3.2. It is a 

stratified liquid storage tank with the same size and specifications. The tank volume is 171 m3  

has a vertical cylindrical shape with the height of 4.5 m. The maximum flow rates to the load 

(community) and from the source (heat pumps) are 61.2 m3/hr each, which is sized based on the 

heat pumps’ flow rate requirement. Type 4, in TRNSYS, is used to model this tank too. 

6.3.3 Solar short term storage tank (Solar-STST) 

The Solar-STST is also a stratified tank. The model type employed in TRNSYS (Type 4) 

is a vertical tank with two inlet and two outlet streams and an internal heat exchanger. Figure 6-5 

shows a simple schematic of the solar-STST.  

 

 

Figure 6-5 Solar Thermal Short Term Storage Tank (solar-STST) - simplified schematic 

 

 The selected solar-STST volume is 81 m3 with a height of 4.5 m. The two inlets and 

outlets of the tank are connected to the solar and solar-BTES loops respectively. The maximum 

flow rates to the reservoir from the solar and solar-BTES are 30 m3/hr and 20 m3/hr respectively.  

The flow rates are calculated based on the solar collector and solar-BTES system requirements. 

The internal heat exchanger is connected to the heat pump source-side loop with the flow of 61.5 

m3/hr in the heating season, calculated based on the heat pumps flow requirements. In the 
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cooling season, the internal heat exchanger is disconnected, and the heat pump source-side loop 

is connected to the HP-BTES. 

The internal heat exchanger in the solar-STST has 2.1 m height. The pipe of the heat 

exchangers is made of copper with the outer diameter of 16 mm and thermal conductivity of 400 

W/mK.   

6.3.4 Medium-temperature BTES (HP-BTES) 

The HP-BTES size and configuration are similar to the medium-temperature BTES 

presented in Chapter 5 Section 5.3.3. The total number of boreholes in the storage volume is 80, 

and the depth of each borehole (from the surface) is 150 m with 3 m separation. 

6.3.5 High-temperature BTES (solar-BTES) 

The high-temperature BTES (solar-BTES) incorporated into the model is similar to the 

BTES presented in Chapter 3 Section 3.2.2. The BTES has 45 boreholes each of 59 m depth. The 

boreholes are configured in a circular field with an average 3 m borehole separation. The bore 

field cylindrical shape storage that contains the boreholes has a volume of 17000 m3 with 

coverage of 290 m2 ground surface area. The nominal HDPE pipe size comprising the U-tube 

ground heat exchanger is 32 mm in diameter. The thermal conductivities of the borehole grout 

and the ground comprising the storage volume are 1.5 W/mK and 2 W/mK respectively. 

The borehole layout, which consists of 5 circuits connected in parallel to the main header. 

Each circuit consists of nine boreholes connected in parallel too (similar layout to Chapter 3 

Figure 3-8 and Figure 3-9).  

6.3.6 Solar thermal collectors 

The selected solar thermal collectors are of a flat-plate type with the same specifications 

presented in Chapter 3 Section 3-2-1. The solar collectors have the total area of 861 m2, which 

includes 300 solar collectors in three parallel arrays with 100 collectors connected in series. The 

solar collectors face south and have a 45° surface inclination. 

6.3.7 Solar photovoltaic (PV) panels 

The total rooftop area available in the community is 2296 m2, which solar thermal 

collectors have used 861m2 of this amount. The remaining area of 1435 m2 will be available for 

the PV panels. 
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The PV panels and related inverters, selected for this model are similar to the PV panels 

and invertors used in Chapter 5 Section 5.3.6. They are high performance 320 W panels with an 

average efficiency of 19.9%. Detail specifications of the PV panels are presented in Appendix F. 

In the TRNSYS model, Type 194 is used for the PV panels with invertors. 

6.3.8 Pumps and climate data 

Variable flow pumps with dedicated controls are utilized for the main hydronic loops, 

i.e., heat pumps’ loops and the community loop plus the solar-BTES and solar thermal collectors. 

As per heat pump’s manufacturer recommendations, the pumps selected (for both source and 

load side) have a maximum flow rate of 61.2 m3/hr with 9 kW shaft power capacity and an 

assumed head of 35 m. The pumps serving the solar-BTES and solar panels’ loop have 2 kW and 

3 kW shaft power capacities each for the 20 m3/hr and 30 m3/hr flow, respectively. Table 6-

1represents the pump powers based on the equipment’s flow requirements. 

Table 6-1 Pump specification summary 

  Flow Head Shaft Power 
Capacity 

pump m3/hr m kW 
1 Solar loop 30 15 3 
2 Solar-STST loop 90 8 4 
3 Solar-BTES loop 20 12 2 
4 Heat Pump-Community loop 61.5 6 3 
5 Heat Pump-BTES loop 61.5 25 7 

 

The community thermal load and solar heat are calculated based on the Canadian 

Weather Year for Energy Calculation (CWEC) hourly data for the City of Toronto.  

6.4 Overall system specifications  
The overview of the system design specifications for the major components is 

summarized in Table 6-2.  
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Table 6-2 ST-HPPV system major components summary 

System Specifications Summary 
Photovoltaic panel   
Number of PV panels 897   
Total solar panel area 1,435 m2 
Rated power for each panel 320 W 
Heat pump – water to water     
Number of  heat pumps 4   
Total cooling capacity 372 kW 
Total heating capacity 468 kW 
COP heating 3.4 - 
EER cooling 5.4 W/W 
Rated source and load side flow rate 61.2 m3/hr 
Heat pump - BTES     
Number of boreholes 80   
Borehole depth 150 m 
Borehole spacing 3 m 
BTES volume 93,470 m3 
Total borehole length 12,000 m 
Max fluid flow-BTES 61.2 m3/hr 
Heat pump - STST volume 171 m3 
Solar thermal collectors   
Number of solar collectors 300   
Total solar collector area 862 m2 

Fluid flow- solar 30 m3/hr 
Solar-STST volume  81 m3 

Solar- BTES     
Number of boreholes 45   
Borehole depth 59 m 
Borehole spacing 3 m 
Solar-BTES volume 17,000 m3 

Total borehole length 2,655 m 
Max fluid flow-solar-BTES 20 m3/hr 
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6.5 Simulation results 
Based on the 20-years simulation time, Table 6-3 shows the heat pump annual energy and 

performance for the year 1, 5, 10, 15 and 20. Comparing the results to the base case (BC) system 

that developed in Chapter 5 and presented in Table 5-7, the following observations are made. 

1. In the heating mode, the heat pumps, comparing to the base case system in the year 

ten:  

a. the energy transferred to the load (HP-STST) are almost the same, 

b. the energy transferred from the source (HP-BTES) has improved from 1704 

GJ to 1791 GJ (5%), 

c. the total heat pumps’ electricity consumption has reduced from 738 GJ to 668 

GJ (10%), and 

d. the heat pumps’ seasonal COPs have been improved from 3.3 to 3.8 (13%) 

after year ten. 

2. In the cooling mode, the heat pumps, comparing to the base case system in the year 

ten: 

a. the energy transferred from the load (HP-STST) are almost the same, 

b. the energy transferred to the source (HP-BTES) has increased from 1618 GJ 

to 1734 GJ (7%), 

c. the total heat pumps’ electricity consumption increased from 236 GJ to 383 

GJ (38%), and 

d. the heat pumps’ seasonal COPs have been dropped from 5.9 to 3.1 (47%) after 

year ten. 

The last two observations (2.c and 2.d) are undesirable due to the community load 

characteristics which will be discussed in later sections.  
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Table 6-3 Annual heat pumps energy and performance of ST-HPPV system  

  Heating 
Ending Year 1 5 10 15 20 
Heat transferred to the load (GJ) 2,464 2,454 2,459 2,462 2,467 
Heat transferred from the source (GJ) 1,732 1,769 1,791 1,807 1,821 
Electric energy (GJ) 732 685 668 655 646 
COP (seasonal) 3.4 3.6 3.7 3.8 3.8 

 
Cooling 

Ending Year 1 5 10 15 20 
Heat transferred from the load (GJ) 1,379 1,357 1,351 1,348 1,348 
Heat transferred to the source (GJ) 1,621 1,693 1,734 1,759 1,779 
Electric energy (GJ) 242 336 383 411 431 
COP (seasonal) 5.7 4.0 3.5 3.3 3.1 

 

Figure 6-6 and Figure 6-7 depict the energy and COP’s of the heat pumps in the solar 

thermal heat pump (ST-HPPV) system. The base case (BC) system heat pumps’ energy and 

COPs are also included for the comparisons. Figure 6-8 shows the heat pumps’ COPs in the 

heating and cooling mode for the ST-HPPV system and the base case. 

 

 

Figure 6-6 Heat pumps’ energy - heating mode – ST-HPPV vs. HPPV (BC)  
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Figure 6-7 Heat pumps’ energy - cooling mode – ST-HPPV vs. HPPV (BC)  

 

 

Figure 6-8 Heat pumps COPs – ST-HPPV vs. HPPV (BC)  
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Figure 6-9 and Figure 6-10 show the hourly heat pump COPs for the ST-HPPV and base 

case (BC) system respectively for five years. By comparing the two figures, it is seen that the 

heat pumps’ COPs in the heating mode is improving during the first five years whereas the heat 

pumps’ COPs in the cooling mode is dropping accordingly.  

 

 
Figure 6-9 Heat pumps hourly COPs – ST-HPPV system - five years  

 

Figure 6-10 Heat pumps COPs – HPPV system as the Base Case (BC) - five years  
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Figure 6-11 shows the hourly solar thermal collectors energy generation and solar 

thermal BTES (solar-BTES) energy injected into and energy extracted from, in twenty years. 

The annual harvested solar thermal energy in the year ten is 2495 GJ. In the same year, the 

annual energy injected into and extracted from the solar-BTES is 1810 GJ and 1134 GJ 

respectively. The efficiency of the solar-BTES is calculated to be 63%. 

 

 

Figure 6-11 Solar energy generation and solar-BTES In/Out energy - twenty years 

 

The average ground temperature of the solar BTES and HP-BTES are shown in Figure 6-

12. The solar-BTES average ground temperature has almost 30 °C temperature swing whereas 
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the HP-BTES has less than 2.5 °C. After twenty years the solar-BTES and HP-BTES average 

ground temperature will reach to the maximum 56 °C and 33 °C respectively which is in the 

cooling mode and to the minimum of 30 °C in the heating mode for both BTESs. 

 

 

Figure 6-12 Solar and heat pump BTES average ground temperature - twenty years 

 

Figure 6-13 depict the average ground temperature of the HP-BTES in twenty years for 

the both ST-HPPV and base case system. It is noted that in the ST-HPPV system the average 

ground temperature increases whereas in the heat pump only case (BC) the ground temperature 

has a relatively small drop during the 20-years simulation time. 
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Figure 6-13 Heat pump BTES average ground temperature - solar thermal heat pump (ST-HPPV) 
vs. HPPV (BC) - twenty years 

 

6.6 Simulation results discussions 
From the simulation result, it is shown that by integrating a solar thermal system to the 

heat pump system the COP of the system increases in the heating mode and decreases in the 

cooling mode. In the ST-HPPV system, the entering fluid temperatures to the heat pumps will 

increase as the result of the temperature increase of the ground. This is in the favor of the heat 

pumps’ performance in heating season and is not beneficial in the cooling season. Therefore, it 

can be concluded that this system would be more beneficial for the communities with lower 

cooling load comparing to the one in this study. 

To investigate how reducing the community cooling load affects the total system 

performance, three ST-HPPV system scenarios are investigated. One with the half the cooling 

load (HCL - Scenario 2) and the other with the quarter cooling load (QCL - Scenario 3) of the 
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community cooling load of this study ( FCL - Scenario 1). The system components and 

equipment in all scenarios are the same including the community heating load. 

Table 6-4 shows the existing community heating and cooling load and the three proposed 

scenarios.  

Table 6-4 Community heating and cooling load scenarios 

 
Heating  Cooling 

Scenarios All 1 2 3 
Peak Load (kW) 457 369 185 92 

Annual Load (GJ) 2350 1181 591 295 
 

From the twenty years simulation, Table 6-5 shows the COPs of the heat pump for the 

year 1, 5, 10, 15, and 20 for the different scenarios.  As it is seen the COPs in the heating mode, 

have slightly dropped (from 3.7 to 3.6 in year ten) with the reduction of the cooling load. On the 

other hand, the COPs of cooling improved (from 3.5 to 4.4 in the year ten). These changes are 

due to the reduced heat pumps heat injection into the ground as the result of the less community 

cooling load. 

 

Table 6-5 COPs - Community heating and cooling load scenarios 

 
COP-Heating 

Year 1 5 10 15 20 
FCL - Scenario 1 3.4 3.6 3.7 3.8 3.8 
HCL - Scenario 2 3.4 3.6 3.6 3.6 3.7 
QCL - Scenario 3 3.3 3.5 3.6 3.6 3.6 

 
COP-Cooling 

Year 1 5 10 15 20 
FCL - Scenario 1 5.7 4.0 3.5 3.3 3.1 
HCL - Scenario 2 6.0 4.5 4.0 3.9 3.8 
QCL - Scenario 3 6.3 4.8 4.4 4.3 4.2 

 

Figure 6-14 and Figure 6-15 show the COP changes in the different scenario in twenty 

years. The COPs of the heat pump only case (BC) are also included in the graphs for the 

reference. 
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Figure 6-14 Heat pump COPs in reduced community cooling loads – heating mode 

 

 

Figure 6-15 Heat pump COPs in reduced community cooling load – cooling mode 
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The average annual pumping energy for the ST-HPPV system are shown in Table 6-6. 

Comparing 161 GJ (44.7 MWh) pumping energy use in the base case (BC) system to the 

pumping energy consumption in the ST-HPPV system, ST-HPPV system uses 45 GJ (12.6 

MWh) more electricity than BC system. The total average annual pumping energy for ST-HPPV 

system is  206 GJ (57.3 MWh). 

Table 6-6 Annual pumping energy – ST-HPPV system 

  
Annual Energy   

pump GJ MWh 
1 Solar loop 0.4 0.1 
2 Solar-STST loop 13 4 
3 Solar-BTES loop 32 9 
  Sub-total (solar thermal loops) 45 12.6 
4 Heat pump-community loop 48 13 
5 Heat pump-BTES loop 113 31.4 

 Sub-total (heat pump loops) 161 44.7 

 
Total pumping energy 206 57.3 

 

In year ten, the annual heat pumps’ electricity demands in the ST-HPPV system 

(Scenario 1), are 668 GJ and 383 GJ in the heating and the cooling mode, respectively (Table 6-

7). The total annual heat pumps electricity use is 1051 GJ (292 MWh). By including the heat 

pumps annual hydronic pumping energy ( i.e., 57.3 MWh), the total electricity requirement for 

the whole system will be 349.5 MWh annually. Comparing 349.3 MWh system energy 

consumption to the base case system (heat pump only) which was 315.7 MWh, the total annual 

heat pump electricity requirement has increased by less than 10%. The total PV panel area 

requirement, in this case, is 1384 m2 (865 panels). 

The required total PV panel area, for different cooling-load scenarios, are also tabulated 

in Table 6-7.The annual pumping energy in the BC system is 14% of the total system input 

energy whereas in the ST-HPPV system the annual pumping energy is 16% of the total system 

input energy. This means by adding the solar thermal system to the heat pump system (base case) 

the pumping energy will increase by 2%, which is almost negligible. 
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By considering the pumping energy, the overall annual COP of the system is calculated 

by dividing the total annual energy provided by the system to the total electricity consumed by 

the system, which is shown in Table 6-8 for the different scenarios. 

 

Table 6-7 Electricity and PV panel requirements for the different scenarios 

Scenarios BC 1 2 3 
  GJ MWh GJ MWh GJ MWh GJ MWh 
HP electricity - heating  738 205 668 186 682 190 686 191 
HP electricity - cooling 236 66 383 106 205 57 111 31 
HP electricity - pumps 161 44.7 206 57.3 206 57.3 206 57.3 
Total system electricity 1,135 315.5 1,257 349.5 1,093 303.9 1,003 278.9 
Total PV panel area (m2) 1248 1384 1203 1104 
Number of PV panels 780 865 752 690 

 

Table 6-8 ST-HPPV system overall COPs 

Scenarios BC 1 2 3 
Total energy delivered (GJ) 3,531 3,531 2,941 2,645 
Total electricity used (GJ) 1,135 1,257 1,093 1,003 
System overall COP 3.1 2.8 2.8 2.8 

From Table 6-8, it can be concluded that for the cases of imbalance loads between ground heat 

injection and extraction, to avoid thermal degradation of the ground, similar system COP as of 

the balanced load can be achieved by integration of a solar thermal system to the heat pump 

system. 

6.7 System cost comparisons 
Table 6-9 presents the heating and cooling system cost comparisons among solar-

thermal-chiller (STC) system (Chapter 4) and heat-pump-PV (HPPV) system (Chapter 5) and 

solar thermal heat pump-PV system (ST-HPPV), which all serves the same community heating 

and cooling loads. 

From this high-level cost comparison, the heat pump-PV only system (HPPV) is the most 

economically viable system for the selected community. 

From the three scenario’s results that were investigated for the solar thermal heat pump-

PV (ST-HPPV) system, more favorable economic would be possible for the communities with 
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lower heating and cooling load proportions. All proposed systems do not offer any payback over 

the lifetime of the project due to the high initial system capital cost. Based on the blended 

electrify rate of $0.21 per kWh (OEB, 2016) and natural-gas rate of $6.17 per GJ (Enbridge Gas, 

2016), the simple payback of HPPV system and ST-HPPV system is estimated to be, 44 and 52 

years respectively. 

 

 

Table 6-9 Cost comparisons of different proposed heating and cooling systems 

 

6.8 Conclusion 
In this chapter, a solar community with central heat pump and BTES plus photovoltaic 

(ST-HPPV) systems were modeled for a community in Toronto area. The selected community,  

similar to the communities chosen in Chapter 4 and Chapter 5,  is a heating dominated 

community that has 50% higher annual heating demand than the annual cooling demand. The 

winter peak heating load is 19% greater than peak cooling load. 

The results from system simulation show that for a community having such heating and 

cooling load splits, adding a solar thermal to the HPPV system improve the heat pumps’ 

performance in the heating mode but reduce the performance in cooling mode. As the result, the 

Index
Abs. Chiller HPPV ST-HPPV
90 and 80 80 45 and 75
59 and 150 150 59 and 150

2.87 (m2/panel) 600 0 300
1.6 (m2/panel) 0 780 834

116 ($/m) $2,007,960 $1,392,000 $1,612,980
497 ($/m2) $855,834 $0 $427,917

3 ($/W) $0 $748,800 $800,640
$202,500
$427,500

715/570 ($/kW) $291,840 $334,620 $334,620
$3,583,134 $2,902,920 $3,806,157

0 1,248 1334
1,772 0 861

Cost of BTES

System

System Initial Costing (Incremental)- Installed

Solar PV Area (m2)

Heating and Cooling 

Solar Thermal Area  (m2)
* the number of the PV panels corresponds to the heat pumps power and their related hydronic pumping energy

$427,500 $427,500

Cost of Heat Pumps / Absorption Chiller
Total Initial Cost

Cost of Solar Thermal Panels
Cost of Solar PV Panels with Inverter
Short Term Storage Tank                                   
Including the Energy Center 2500 ($/m3)

Number of Boreholes
Borehole Depth (m)
Number of Solar Thermal Panels 
Number of Solar PV panels *
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overall heat pumps electricity input of ST-HPPV system was higher than the HPPV system 

(~10%, from 1257 GJ to 1135 GJ). 

The effect of heat pumps’ COP drops in the cooling mode on the overall system, was 

investigated with two other hypothetical community heating, and cooling loads. One with the 

half-cooling loads (HCL) and the other with the quarter-cooling loads (QCL) of the main 

community cooling loads with both communities having the same heating loads were selected. 

For the system with lesser cooling load (QCL), the overall system electricity consumption was 

decreased by 24% (from 1,257 GJ to 955 GJ). In the QCL scenario, comparing to FCL scenario, 

the heat pump COP in the cooling mode improves from 3.5 to 4.4 (26%) where the there is a 

small drop on the COP in the heating mode (3.7 to 3.6). 

For the communities with the imbalance heat rejection to and extraction from the ground 

by the heat pump, the overall system COP improves by adding solar thermal system. For the case 

of balance load (Scenario 1), adding solar thermal system will reduce the overall system COP by 

10% (from 3.1 to 2.8) 

The proposed ST-HPPV system high-level incremental cost was 24% and 6%  higher 

than the HPPV and STC system respectively. Therefore, for the proposed community the HPPV 

is the most economical system ($2,902,902) in the case of the balanced HP-BTES loads 

(scenario 1). 

A sensitivity analysis on the community cooling loads was presented. It can be concluded 

that for the communities with the annual heating and cooling loads difference of 75% or more, 

the ST-HPPV could be a viable solution, comparing to the HPPV system. Further future system 

optimization requires for such cases. 
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 : Conclusions and Future Work Chapter 7

7.1 Summary and conclusions 
The main purpose of this research is to investigate the viability of the combined heating 

and cooling systems for solar communities with borehole thermal energy storage, through energy 

analysis, modeling, and simulation. 

 Based on the literature review, the majority of the existing communities use solar 

thermal system for heating only. There is no research on solar communities with a combined 

heating and cooling system. The necessity of such a system relies on the geographic locations 

that are heating-dominated, and both heating and cooling are required.  

From the existing community-scale thermal storage types, borehole thermal energy 

storage (BTES) is found to be the favorable mechanism for a significant amount of energy 

involvement and relatively low-cost energy storage. In the existing solar communities with 

cooling using BTES where thermally driven cooling equipment is used, there is not any strategy 

to capture equipment rejected heat. Therefore, storing the low-grade heat in a new BTES could 

be a solution. 

 Using a central heat pump system and employing a relatively higher temperature fluid 

source for boosting the heat pump COPs has not been investigated for solar communities in cold 

climate regions. 

Drake Landing community in Okotoks, Alberta (DLSC) is the first solar community in 

Canada. It is chosen as the basis for generating an initial model and comparing the simulation 

results with the actual data. It is concluded that the proposed heating system model with the same 

configuration as DLSC, but relatively smaller in size, will perform similarly to the DLSC 

system. Ultimately, the proposed system would be a less-expensive system compared to the 

DLSC system. 

The main improvements in the modified DLSC system are the reduced total solar thermal 

collector area (29%), smaller STST size (25%), and reduced BTES borehole footprint (38%). 

The modified DLSC design costs approximately 19% less to build compared to the DSLC capital 

cost, with the additional benefit of a reduced footprint and real estate requirements. 
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 Using the developed model similar to the DLSC as the base case, a cooling system is 

added to the system by incorporating an absorption chiller and a medium-temperature BTES for 

storing the chiller’s rejected heat. The proposed new design, called solar thermal chiller system 

(STC),  is an integrated heating and cooling system for heating a hypothetical community similar 

to the DLSC. The community is located in Toronto, Ontario with the annual cooling load of 50% 

less than the heating load. 

 The simulation results show that, in the heating season, the system achieved 100% solar 

fraction after five years of operation. For the cooling system, the chiller uses 18% of its required 

heating energy from the solar source and the rest from a boiler. This solar fraction percentage 

could be increased by adding more solar thermal collectors to the system. From the total chillers’ 

rejected heat into the ground, 36%  is recovered during the heating season.  

The chiller in the proposed system is not operating optimally because of the high-

temperature rejecting heat media (chiller-BTES) which is due to the chiller-BTES interaction 

with the solar-BTES. On average, the chiller functions at almost 72% of its rated capacity (370 

kW vs. 512 kW), and 74% of its rated efficiency (0.56  vs. 0.76).  

The capital cost for the cooling system integration in the STC system is estimated to be 

89% more than the estimated incremental capital cost of the heating only system ($3.6 million 

for STC versus $1.9 million for the heating only base case). In such systems, several major 

hydronic loops need electricity for running their associated pumps and controls. The amount of 

the annual electricity required for the pumps’ operation is 166 MWh, which should also be 

considered in the economics of the system. Integration of the solar photovoltaic (PV) system can 

offset part or all the system’s electric demand. 

A combined heating and cooling system for the community with the central heat pump 

and PV system (HPPV) is explored as an alternative to the solar thermal chiller (STC) system. 

The electricity source for the heat pumps is the solar PV system. For the same community that 

currently uses the STC system, twenty-years simulation results show that the system would 

operate favorably beginning the first year and does not have any significant performance 

degradation in 20 years. The total heat pumps’ power requirement, including circulation 

pumping energy, is 315.7 MWh annually, which can be net-metered by 780 PV panels’ 

electricity production, installed on the rooftops. The total available rooftop area in the 

community is 2,293 m2, which can accommodate 1,433 solar PV panels. The potential electricity 
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generation capacity using all available rooftop area with 1,433 solar PV panels is 570 MWh 

annually. The total heat pumps’ energy, including their circulation hydronic-pumps, requires 

only 55% of this total power generation capacity. 

 Based on the high-level cost analysis, the HPPV system capital incremental cost is 19% 

more economical than the solar-thermal-chiller (STC) system, in other words, the HPPV 

system’s incremental cost is 19% less than the STC system. The HPPV does not have any 

incremental operating cost compared to the STC system. It means that in the HPPV system the 

total operating energy requirement is provided by the PV system at no cost, whereas in the STC 

system part of the chiller energy requirement is coming from the natural gas for the boiler and 

electricity for the pumps.  

Lastly, integration of the solar thermal energy with a dedicated borehole thermal storage 

system attached to the heat pump-PV case (HPPV) is explored.  The simulation results show that 

the proposed community currently has a balanced heat pumps’ storage load. By adding the solar 

thermal system to the HPPV system (ST-HPPV), the heat pumps’ performance in the heating 

mode improves but the performance in cooling mode declines. As a result, the overall heat 

pumps’ electricity requirement of the ST-HPPV system is slightly higher than that of the HPPV 

system (~10% higher, 1257 GJ versus 1135 GJ).  

The effect of heat pumps’ COP drop in the cooling mode on the overall ST-HPPV system 

is investigated with two other hypothetical community heating, and cooling loads. One with the 

half-cooling loads (HCL), and the other with the quarter-cooling loads (QCL) of the main 

community cooling loads (FCL). Both scenarios have the same heating loads as the STC or 

HPPV community case heating loads. For the system with a lesser cooling load (QCL), the 

overall heat pumps’ electricity consumption is improved by 24% (from 1,257 GJ to 955 GJ). In 

the QCL scenario, comparing to FCL scenario, the heat pump COP in the cooling mode 

improves from 3.5 to 4.4 (26%) in year 10, where there is a small drop on the COP in the heating 

mode (3.7 to 3.6). 

For the communities with the imbalance heat rejection to and extraction from the ground 

by the heat pump, the overall system COP improves by adding solar thermal system. For the case 

of balance load (Scenario 1), adding solar thermal system will reduce the overall system COP by 

10% (from 3.1 to 2.8) 
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 The proposed ST-HPPV system high-level incremental cost estimations were 24% and 

6%  higher than that of the HPPV and STC system respectively. Therefore, for the proposed 

community, with the balanced HP-BTES loads (Scenario 1), the HPPV is the most economical 

system. 

The sensitivity analysis on the community cooling loads shows that for the communities 

that the annual heating loads to the annual cooling loads difference of 75% or less, the ST-HPPV 

could be a viable solution, as oppose to the HPPV system. Further system optimization is 

required for such cases. 

7.2 Dissertation contribution 
The main outcomes of this research work are outlined as follows: 

• A new heating model in TRNSYS software for a solar community was developed. 

The new system had a relatively smaller system size compared to the existing 

heating-only community (DLSC). The proposed system offers 19% savings in the 

initial cost in addition to reductions of BTES area of 38% and the solar thermal 

collector area of 25%.  

• An advanced model in TRNSYS for an integrated heating and cooling system for a 

solar community with the borehole thermal storage and thermally driven chiller (STC 

system) was designed and developed. In this system, 18% of the chillers’ energy 

source is provided by the same size solar thermal collectors as the modified DLSC 

case. In the heating mode, 100% solar fraction would be achieved after five years. 

• An advanced model in TRNSYS for an integrated heating and cooling system for a 

community with heat pumps and borehole thermal storage plus a PV system (HPPV 

system) was designed and developed. The designed system had a balanced heat pump 

BTES (HP-BTES) energy transfers (in/out) with a negligible ground temperature drop 

(1.4 °C) over twenty years. In this case, the system incremental cost is 19% less than 

that of STC system. 

• An advanced model in TRNSYS for an integrated heating and cooling system for a 

solar community with the borehole thermal storage and central heat pump system plus 

a PV system (ST-HPPV system) was designed and developed. The proposed system 

initial cost is 24% higher than that of the HPPV system. This system is found to be 
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more beneficial for the community with higher heating loads compared to the cooling 

loads. 

• All the proposed systems/models can be used as a tool for designing emerging 

heating and cooling systems for solar communities with different configurations and 

types.  

7.3 Future work and recommendations 
The recommended continuity and supplementary work are as follows: 

• The existing models implemented in TRNSYS require long computation time, 

and the chosen TRNSYS platform is not very flexible and efficient for large scale 

optimization simulation work. It is recommended that such solar community 

energy and storage systems be implemented in a more flexible and efficient 

platform, such as Matlab, for future advanced modeling and optimization studies.  

• For all model simulation work, only simple trial and error (or brute force) 

methods for optimum equipment sizing were used. Meaning that various attempts 

with a variety of reasonable system configurations were made until the simulation 

of the whole model functions without any errors. This method of optimal sizing 

can be improved by introducing a more sophisticated optimization model in a 

future study. 

• In this thesis, cost estimations for all systems were at very high-level analysis. 

More detailed cost estimates are recommended for the purpose of decision-

making and selection of an optimal system configuration(s). 

• One of the significant benefits of the solar communities, in general, is the 

reduction or elimination of fossil fuel usage for heating and cooling. Analysis of 

greenhouse gas (GHG) emission reduction potential for the proposed systems 

versus conventional systems would be ideal and should be included in the future 

work. 

• In the proposed ST-HPPV system, exploration of a new control strategy is 

recommended in order to avoid overheating of the HP-BTES, specifically in the 

cases similar to Scenario 1. This could be achieved by limiting the interaction 

between the solar-BTES and HP-BTES in the heating season. The two BTES’ 
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interactions should be restricted in the way that the HP-BTES heat injection in 

summer becomes almost equal to the heat extraction in the winter time. In this 

case, the heat pump COP degradation in the cooling mode will not happen while 

the heat pump COPs will be improved during the heating season by the elevated 

heat pump entering fluid temperature. The idea can be expanded based the 

research done by Wang et al. (2012) on an office building in China by managing 

the BTES loads in a way to become balanced by introducing separate sets of the 

boreholes. 
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Appendix C: Chiller performance data 

 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
!Fraction of Design Load   
5.556 6.111 6.667 7.222 7.778 8.889

 10.000    
!Chilled Water Set point (C)    
26.667 29.444 32.222       

 !Entering Cooling Water Temperature (C)  
108.89 111.67 113.89 115.00 116.11   

 !Inlet Hot Water Temperature (C)  Load CHW Set 
 ECWT IHWT 

0.9878 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556  26.667 108.89 

1.0367 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556  26.667 111.67 

1.0837 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556  26.667 113.89 

1.1041 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556  26.667 115.00 

1.1265 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556  26.667 116.11 

0.8612 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       29.444 108.89 

0.9102 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       29.444 111.67 

0.9571 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       29.444 113.89 

0.9796 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       29.444 115.00 

1.0000 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       29.444 116.11 

0.7347 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       32.222 108.89 
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0.7857 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       32.222 111.67 

0.8327 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       32.222 113.89 

0.8531 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       32.222 115.00 

0.8735 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 5.556       32.222 116.11 

1.0102 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111  26.667 108.89 

1.0592 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111  26.667 111.67 

1.1061 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111  26.667 113.89 

1.1286 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111  26.667 115.00 

1.1490 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111  26.667 116.11 

0.8837 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       29.444 108.89 

0.9327 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       29.444 111.67 

0.9776 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       29.444 113.89 

1.0000 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       29.444 115.00 

1.0224 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       29.444 116.11 

0.7571 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       32.222 108.89 
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0.8061 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       32.222 111.67 

0.8531 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       32.222 113.89 

0.8735 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       32.222 115.00 

0.8959 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.111       32.222 116.11 

1.0306 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667  26.667 108.89 

1.0816 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667  26.667 111.67 

1.1286 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667  26.667 113.89 

1.1510 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667  26.667 115.00 

1.1714 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667  26.667 116.11 

0.9041 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       29.444 108.89 

0.9531 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       29.444 111.67 

1.0000 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       29.444 113.89 

1.0224 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       29.444 115.00 

1.0449 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       29.444 116.11 

0.7776 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       32.222 108.89 
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0.8265 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       32.222 111.67 

0.8735 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       32.222 113.89 

0.8959 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       32.222 115.00 

0.9163 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 6.667       32.222 116.11 

1.0531 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222  26.667 108.89 

1.1041 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       26.667 111.67 

1.1510 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       26.667 113.89 

1.1735 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       26.667 115.00 

1.1959 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       26.667 116.11 

0.9245 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       29.444 108.89 

0.9755 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       29.444 111.67 

1.0224 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       29.444 113.89 

1.0449 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       29.444 115.00 

1.0673 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       29.444 116.11 

0.7980 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       32.222 108.89 
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0.8469 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       32.222 111.67 

0.8939 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       32.222 113.89 

0.9163 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       32.222 115.00 

0.9388 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.222       32.222 116.11 

1.0755 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       26.667 108.89 

1.1265 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       26.667 111.67 

1.1755 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       26.667 113.89 

1.1980 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       26.667 115.00 

1.2184 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       26.667 116.11 

0.9469 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       29.444 108.89 

0.9980 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       29.444 111.67 

1.0449 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       29.444 113.89 

1.0673 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       29.444 115.00 

1.0898 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       29.444 116.11 

0.8184 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       32.222 108.89 
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0.8694 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       32.222 111.67 

0.9163 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       32.222 113.89 

0.9388 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       32.222 115.00 

0.9592 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 7.778       32.222 116.11 

1.1204 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       26.667 108.89 

1.1735 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       26.667 111.67 

1.2204 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       26.667 113.89 

1.2449 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       26.667 115.00 

1.2673 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       26.667 116.11 

0.9898 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       29.444 108.89 

1.0408 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       29.444 111.67 

1.0898 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       29.444 113.89 

1.1122 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       29.444 115.00 

1.1347 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       29.444 116.11 

0.8592 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       32.222 108.89 
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0.9102 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       32.222 111.67 

0.9592 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       32.222 113.89 

0.9816 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       32.222 115.00 

1.0041 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 8.889       32.222 116.11 

1.1673 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      26.667 108.89 

1.2204 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      26.667 111.67 

1.2694 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      26.667 113.89 

1.2898 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      26.667 115.00 

1.2898 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      26.667 116.11 

1.0347 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      29.444 108.89 

1.0857 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      29.444 111.67 

1.1347 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      29.444 113.89 

1.1592 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      29.444 115.00 

1.1796 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      29.444 116.11 

0.9020 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      32.222 108.89 
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0.9531 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      32.222 111.67 

1.0020 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      32.222 113.89 

1.0245 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      32.222 115.00 

1.0469 0.0000         
 !Capacity and Design Energy Input Fraction at  0
 10.000      32.222 116.11 

0.9878 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       26.667 108.89 

1.0367 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       26.667 111.67 

1.0837 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       26.667 113.89 

1.1041 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       26.667 115.00 

1.1265 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       26.667 116.11 

0.8612 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       29.444 108.89 

0.9102 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       29.444 111.67 

0.9571 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       29.444 113.89 

0.9796 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       29.444 115.00 

1.0000 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       29.444 116.11 

0.7347 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       32.222 108.89 
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0.7857 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       32.222 111.67 

0.8327 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       32.222 113.89 

0.8531 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       32.222 115.00 

0.8735 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 5.556       32.222 116.11 

1.0102 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       26.667 108.89 

1.0592 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       26.667 111.67 

1.1061 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       26.667 113.89 

1.1286 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       26.667 115.00 

1.1490 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       26.667 116.11 

0.8837 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       29.444 108.89 

0.9327 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       29.444 111.67 

0.9776 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       29.444 113.89 

1.0000 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       29.444 115.00 

1.0224 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       29.444 116.11 

0.7571 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       32.222 108.89 
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0.8061 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       32.222 111.67 

0.8531 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       32.222 113.89 

0.8735 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       32.222 115.00 

0.8959 0.1040         
 !Capacity and Design Energy Input Fraction at  0.1
 6.111       32.222 116.11 

1.0306 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       26.667 108.89 

1.0816 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       26.667 111.67 

1.1286 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       26.667 113.89 

1.1510 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       26.667 115.00 

1.1714 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       26.667 116.11 

0.9041 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       29.444 108.89 

0.9531 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       29.444 111.67 

1.0000 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       29.444 113.89 

1.0224 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       29.444 115.00 

1.0449 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       29.444 116.11 

0.7776 0.1030         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       32.222 108.89 
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0.8265 0.1030         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       32.222 111.67 

0.8735 0.1030         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       32.222 113.89 

0.8959 0.1030         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       32.222 115.00 

0.9163 0.1030         
 !Capacity and Design Energy Input Fraction at  0.1
 6.667       32.222 116.11 

1.0531 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       26.667 108.89 

1.1041 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       26.667 111.67 

1.1510 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       26.667 113.89 

1.1735 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       26.667 115.00 

1.1959 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       26.667 116.11 

0.9245 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       29.444 108.89 

0.9755 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       29.444 111.67 

1.0224 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       29.444 113.89 

1.0449 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       29.444 115.00 

1.0673 0.0990         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       29.444 116.11 

0.7980 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       32.222 108.89 
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0.8469 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       32.222 111.67 

0.8939 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       32.222 113.89 

0.9163 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       32.222 115.00 

0.9388 0.1020         
 !Capacity and Design Energy Input Fraction at  0.1
 7.222       32.222 116.11 

1.0755 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       26.667 108.89 

1.1265 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       26.667 111.67 

1.1755 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       26.667 113.89 

1.1980 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       26.667 115.00 

1.2184 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       26.667 116.11 

0.9469 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       29.444 108.89 

0.9980 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       29.444 111.67 

1.0449 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       29.444 113.89 

1.0673 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       29.444 115.00 

1.0898 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       29.444 116.11 

0.8184 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       32.222 108.89 
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0.8694 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       32.222 111.67 

0.9163 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       32.222 113.89 

0.9388 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       32.222 115.00 

0.9592 0.1010         
 !Capacity and Design Energy Input Fraction at  0.1
 7.778       32.222 116.11 

1.1204 0.0950         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       26.667 108.89 

1.1735 0.0950         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       26.667 111.67 

1.2204 0.0950         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       26.667 113.89 

1.2449 0.0950         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       26.667 115.00 

1.2673 0.0950         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       26.667 116.11 

0.9898 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       29.444 108.89 

1.0408 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       29.444 111.67 

1.0898 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       29.444 113.89 

1.1122 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       29.444 115.00 

1.1347 0.0970         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       29.444 116.11 

0.8592 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       32.222 108.89 
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0.9102 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       32.222 111.67 

0.9592 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       32.222 113.89 

0.9816 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       32.222 115.00 

1.0041 0.1000         
 !Capacity and Design Energy Input Fraction at  0.1
 8.889       32.222 116.11 

1.1673 0.0940         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      26.667 108.89 

1.2204 0.0940         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      26.667 111.67 

1.2694 0.0940         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      26.667 113.89 

1.2898 0.0940         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      26.667 115.00 

1.2898 0.0940         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      26.667 116.11 

1.0347 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      29.444 108.89 

1.0857 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      29.444 111.67 

1.1347 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      29.444 113.89 

1.1592 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      29.444 115.00 

1.1796 0.0960         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      29.444 116.11 

0.9020 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      32.222 108.89 
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0.9531 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      32.222 111.67 

1.0020 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      32.222 113.89 

1.0245 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      32.222 115.00 

1.0469 0.0980         
 !Capacity and Design Energy Input Fraction at  0.1
 10.000      32.222 116.11 

0.9878 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       26.667 108.89 

1.0367 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       26.667 111.67 

1.0837 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       26.667 113.89 

1.1041 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       26.667 115.00 

1.1265 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       26.667 116.11 

0.8612 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       29.444 108.89 

0.9102 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       29.444 111.67 

0.9571 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       29.444 113.89 

0.9796 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       29.444 115.00 

1.0000 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       29.444 116.11 

0.7347 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       32.222 108.89 
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0.7857 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       32.222 111.67 

0.8327 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       32.222 113.89 

0.8531 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       32.222 115.00 

0.8735 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 5.556       32.222 116.11 

1.0102 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       26.667 108.89 

1.0592 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       26.667 111.67 

1.1061 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       26.667 113.89 

1.1286 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       26.667 115.00 

1.1490 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       26.667 116.11 

0.8837 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       29.444 108.89 

0.9327 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       29.444 111.67 

0.9776 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       29.444 113.89 

1.0000 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       29.444 115.00 

1.0224 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       29.444 116.11 

0.7571 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       32.222 108.89 
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0.8061 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       32.222 111.67 

0.8531 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       32.222 113.89 

0.8735 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       32.222 115.00 

0.8959 0.2080         
 !Capacity and Design Energy Input Fraction at  0.2
 6.111       32.222 116.11 

1.0306 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       26.667 108.89 

1.0816 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       26.667 111.67 

1.1286 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       26.667 113.89 

1.1510 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       26.667 115.00 

1.1714 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       26.667 116.11 

0.9041 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       29.444 108.89 

0.9531 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       29.444 111.67 

1.0000 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       29.444 113.89 

1.0224 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       29.444 115.00 

1.0449 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       29.444 116.11 

0.7776 0.2060         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       32.222 108.89 
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0.8265 0.2060         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       32.222 111.67 

0.8735 0.2060         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       32.222 113.89 

0.8959 0.2060         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       32.222 115.00 

0.9163 0.2060         
 !Capacity and Design Energy Input Fraction at  0.2
 6.667       32.222 116.11 

1.0531 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       26.667 108.89 

1.1041 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       26.667 111.67 

1.1510 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       26.667 113.89 

1.1735 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       26.667 115.00 

1.1959 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       26.667 116.11 

0.9245 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       29.444 108.89 

0.9755 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       29.444 111.67 

1.0224 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       29.444 113.89 

1.0449 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       29.444 115.00 

1.0673 0.1980         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       29.444 116.11 

0.7980 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       32.222 108.89 
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0.8469 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       32.222 111.67 

0.8939 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       32.222 113.89 

0.9163 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       32.222 115.00 

0.9388 0.2040         
 !Capacity and Design Energy Input Fraction at  0.2
 7.222       32.222 116.11 

1.0755 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       26.667 108.89 

1.1265 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       26.667 111.67 

1.1755 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       26.667 113.89 

1.1980 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       26.667 115.00 

1.2184 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       26.667 116.11 

0.9469 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       29.444 108.89 

0.9980 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       29.444 111.67 

1.0449 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       29.444 113.89 

1.0673 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       29.444 115.00 

1.0898 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       29.444 116.11 

0.8184 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       32.222 108.89 
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0.8694 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       32.222 111.67 

0.9163 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       32.222 113.89 

0.9388 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       32.222 115.00 

0.9592 0.2020         
 !Capacity and Design Energy Input Fraction at  0.2
 7.778       32.222 116.11 

1.1204 0.1900         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       26.667 108.89 

1.1735 0.1900         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       26.667 111.67 

1.2204 0.1900         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       26.667 113.89 

1.2449 0.1900         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       26.667 115.00 

1.2673 0.1900         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       26.667 116.11 

0.9898 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       29.444 108.89 

1.0408 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       29.444 111.67 

1.0898 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       29.444 113.89 

1.1122 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       29.444 115.00 

1.1347 0.1940         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       29.444 116.11 

0.8592 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       32.222 108.89 
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0.9102 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       32.222 111.67 

0.9592 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       32.222 113.89 

0.9816 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       32.222 115.00 

1.0041 0.2000         
 !Capacity and Design Energy Input Fraction at  0.2
 8.889       32.222 116.11 

1.1673 0.1880         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      26.667 108.89 

1.2204 0.1880         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      26.667 111.67 

1.2694 0.1880         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      26.667 113.89 

1.2898 0.1880         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      26.667 115.00 

1.2898 0.1880         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      26.667 116.11 

1.0347 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      29.444 108.89 

1.0857 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      29.444 111.67 

1.1347 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      29.444 113.89 

1.1592 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      29.444 115.00 

1.1796 0.1920         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      29.444 116.11 

0.9020 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      32.222 108.89 
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0.9531 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      32.222 111.67 

1.0020 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      32.222 113.89 

1.0245 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      32.222 115.00 

1.0469 0.1960         
 !Capacity and Design Energy Input Fraction at  0.2
 10.000      32.222 116.11 

0.9878 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       26.667 108.89 

1.0367 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       26.667 111.67 

1.0837 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       26.667 113.89 

1.1041 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       26.667 115.00 

1.1265 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       26.667 116.11 

0.8612 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       29.444 108.89 

0.9102 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       29.444 111.67 

0.9571 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       29.444 113.89 

0.9796 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       29.444 115.00 

1.0000 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       29.444 116.11 

0.7347 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       32.222 108.89 
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0.7857 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       32.222 111.67 

0.8327 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       32.222 113.89 

0.8531 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       32.222 115.00 

0.8735 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 5.556       32.222 116.11 

1.0102 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       26.667 108.89 

1.0592 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       26.667 111.67 

1.1061 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       26.667 113.89 

1.1286 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       26.667 115.00 

1.1490 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       26.667 116.11 

0.8837 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       29.444 108.89 

0.9327 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       29.444 111.67 

0.9776 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       29.444 113.89 

1.0000 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       29.444 115.00 

1.0224 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       29.444 116.11 

0.7571 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       32.222 108.89 
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0.8061 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       32.222 111.67 

0.8531 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       32.222 113.89 

0.8735 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       32.222 115.00 

0.8959 0.3120         
 !Capacity and Design Energy Input Fraction at  0.3
 6.111       32.222 116.11 

1.0306 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       26.667 108.89 

1.0816 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       26.667 111.67 

1.1286 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       26.667 113.89 

1.1510 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       26.667 115.00 

1.1714 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       26.667 116.11 

0.9041 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       29.444 108.89 

0.9531 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       29.444 111.67 

1.0000 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       29.444 113.89 

1.0224 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       29.444 115.00 

1.0449 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       29.444 116.11 

0.7776 0.3090         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       32.222 108.89 
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0.8265 0.3090         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       32.222 111.67 

0.8735 0.3090         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       32.222 113.89 

0.8959 0.3090         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       32.222 115.00 

0.9163 0.3090         
 !Capacity and Design Energy Input Fraction at  0.3
 6.667       32.222 116.11 

1.0531 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       26.667 108.89 

1.1041 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       26.667 111.67 

1.1510 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       26.667 113.89 

1.1735 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       26.667 115.00 

1.1959 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       26.667 116.11 

0.9245 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       29.444 108.89 

0.9755 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       29.444 111.67 

1.0224 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       29.444 113.89 

1.0449 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       29.444 115.00 

1.0673 0.2970         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       29.444 116.11 

0.7980 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       32.222 108.89 
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0.8469 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       32.222 111.67 

0.8939 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       32.222 113.89 

0.9163 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       32.222 115.00 

0.9388 0.3060         
 !Capacity and Design Energy Input Fraction at  0.3
 7.222       32.222 116.11 

1.0755 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       26.667 108.89 

1.1265 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       26.667 111.67 

1.1755 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       26.667 113.89 

1.1980 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       26.667 115.00 

1.2184 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       26.667 116.11 

0.9469 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       29.444 108.89 

0.9980 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       29.444 111.67 

1.0449 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       29.444 113.89 

1.0673 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       29.444 115.00 

1.0898 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       29.444 116.11 

0.8184 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       32.222 108.89 
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0.8694 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       32.222 111.67 

0.9163 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       32.222 113.89 

0.9388 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       32.222 115.00 

0.9592 0.3030         
 !Capacity and Design Energy Input Fraction at  0.3
 7.778       32.222 116.11 

1.1204 0.2850         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       26.667 108.89 

1.1735 0.2850         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       26.667 111.67 

1.2204 0.2850         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       26.667 113.89 

1.2449 0.2850         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       26.667 115.00 

1.2673 0.2850         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       26.667 116.11 

0.9898 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       29.444 108.89 

1.0408 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       29.444 111.67 

1.0898 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       29.444 113.89 

1.1122 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       29.444 115.00 

1.1347 0.2910         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       29.444 116.11 

0.8592 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       32.222 108.89 
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0.9102 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       32.222 111.67 

0.9592 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       32.222 113.89 

0.9816 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       32.222 115.00 

1.0041 0.3000         
 !Capacity and Design Energy Input Fraction at  0.3
 8.889       32.222 116.11 

1.1673 0.2820         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      26.667 108.89 

1.2204 0.2820         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      26.667 111.67 

1.2694 0.2820         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      26.667 113.89 

1.2898 0.2820         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      26.667 115.00 

1.2898 0.2820         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      26.667 116.11 

1.0347 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      29.444 108.89 

1.0857 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      29.444 111.67 

1.1347 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      29.444 113.89 

1.1592 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      29.444 115.00 

1.1796 0.2880         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      29.444 116.11 

0.9020 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      32.222 108.89 
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0.9531 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      32.222 111.67 

1.0020 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      32.222 113.89 

1.0245 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      32.222 115.00 

1.0469 0.2940         
 !Capacity and Design Energy Input Fraction at  0.3
 10.000      32.222 116.11 

0.9878 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       26.667 108.89 

1.0367 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       26.667 111.67 

1.0837 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       26.667 113.89 

1.1041 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       26.667 115.00 

1.1265 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       26.667 116.11 

0.8612 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       29.444 108.89 

0.9102 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       29.444 111.67 

0.9571 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       29.444 113.89 

0.9796 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       29.444 115.00 

1.0000 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       29.444 116.11 

0.7347 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       32.222 108.89 
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0.7857 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       32.222 111.67 

0.8327 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       32.222 113.89 

0.8531 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       32.222 115.00 

0.8735 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 5.556       32.222 116.11 

1.0102 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       26.667 108.89 

1.0592 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       26.667 111.67 

1.1061 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       26.667 113.89 

1.1286 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       26.667 115.00 

1.1490 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       26.667 116.11 

0.8837 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       29.444 108.89 

0.9327 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       29.444 111.67 

0.9776 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       29.444 113.89 

1.0000 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       29.444 115.00 

1.0224 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       29.444 116.11 

0.7571 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       32.222 108.89 
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0.8061 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       32.222 111.67 

0.8531 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       32.222 113.89 

0.8735 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       32.222 115.00 

0.8959 0.4160         
 !Capacity and Design Energy Input Fraction at  0.4
 6.111       32.222 116.11 

1.0306 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       26.667 108.89 

1.0816 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       26.667 111.67 

1.1286 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       26.667 113.89 

1.1510 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       26.667 115.00 

1.1714 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       26.667 116.11 

0.9041 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       29.444 108.89 

0.9531 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       29.444 111.67 

1.0000 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       29.444 113.89 

1.0224 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       29.444 115.00 

1.0449 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       29.444 116.11 

0.7776 0.4120         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       32.222 108.89 
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0.8265 0.4120         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       32.222 111.67 

0.8735 0.4120         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       32.222 113.89 

0.8959 0.4120         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       32.222 115.00 

0.9163 0.4120         
 !Capacity and Design Energy Input Fraction at  0.4
 6.667       32.222 116.11 

1.0531 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       26.667 108.89 

1.1041 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       26.667 111.67 

1.1510 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       26.667 113.89 

1.1735 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       26.667 115.00 

1.1959 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       26.667 116.11 

0.9245 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       29.444 108.89 

0.9755 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       29.444 111.67 

1.0224 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       29.444 113.89 

1.0449 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       29.444 115.00 

1.0673 0.3960         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       29.444 116.11 

0.7980 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       32.222 108.89 
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0.8469 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       32.222 111.67 

0.8939 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       32.222 113.89 

0.9163 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       32.222 115.00 

0.9388 0.4080         
 !Capacity and Design Energy Input Fraction at  0.4
 7.222       32.222 116.11 

1.0755 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       26.667 108.89 

1.1265 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       26.667 111.67 

1.1755 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       26.667 113.89 

1.1980 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       26.667 115.00 

1.2184 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       26.667 116.11 

0.9469 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       29.444 108.89 

0.9980 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       29.444 111.67 

1.0449 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       29.444 113.89 

1.0673 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       29.444 115.00 

1.0898 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       29.444 116.11 

0.8184 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       32.222 108.89 
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0.8694 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       32.222 111.67 

0.9163 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       32.222 113.89 

0.9388 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       32.222 115.00 

0.9592 0.4040         
 !Capacity and Design Energy Input Fraction at  0.4
 7.778       32.222 116.11 

1.1204 0.3800         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       26.667 108.89 

1.1735 0.3800         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       26.667 111.67 

1.2204 0.3800         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       26.667 113.89 

1.2449 0.3800         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       26.667 115.00 

1.2673 0.3800         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       26.667 116.11 

0.9898 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       29.444 108.89 

1.0408 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       29.444 111.67 

1.0898 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       29.444 113.89 

1.1122 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       29.444 115.00 

1.1347 0.3880         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       29.444 116.11 

0.8592 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       32.222 108.89 



Appendix C: Chiller performance data 
 

163 
 

0.9102 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       32.222 111.67 

0.9592 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       32.222 113.89 

0.9816 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       32.222 115.00 

1.0041 0.4000         
 !Capacity and Design Energy Input Fraction at  0.4
 8.889       32.222 116.11 

1.1673 0.3760         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      26.667 108.89 

1.2204 0.3760         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      26.667 111.67 

1.2694 0.3760         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      26.667 113.89 

1.2898 0.3760         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      26.667 115.00 

1.2898 0.3760         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      26.667 116.11 

1.0347 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      29.444 108.89 

1.0857 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      29.444 111.67 

1.1347 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      29.444 113.89 

1.1592 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      29.444 115.00 

1.1796 0.3840         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      29.444 116.11 

0.9020 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      32.222 108.89 
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0.9531 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      32.222 111.67 

1.0020 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      32.222 113.89 

1.0245 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      32.222 115.00 

1.0469 0.3920         
 !Capacity and Design Energy Input Fraction at  0.4
 10.000      32.222 116.11 

0.9878 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       26.667 108.89 

1.0367 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       26.667 111.67 

1.0837 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       26.667 113.89 

1.1041 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       26.667 115.00 

1.1265 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       26.667 116.11 

0.8612 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       29.444 108.89 

0.9102 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       29.444 111.67 

0.9571 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       29.444 113.89 

0.9796 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       29.444 115.00 

1.0000 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       29.444 116.11 

0.7347 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       32.222 108.89 
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0.7857 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       32.222 111.67 

0.8327 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       32.222 113.89 

0.8531 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       32.222 115.00 

0.8735 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 5.556       32.222 116.11 

1.0102 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       26.667 108.89 

1.0592 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       26.667 111.67 

1.1061 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       26.667 113.89 

1.1286 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       26.667 115.00 

1.1490 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       26.667 116.11 

0.8837 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       29.444 108.89 

0.9327 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       29.444 111.67 

0.9776 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       29.444 113.89 

1.0000 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       29.444 115.00 

1.0224 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       29.444 116.11 

0.7571 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       32.222 108.89 
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0.8061 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       32.222 111.67 

0.8531 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       32.222 113.89 

0.8735 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       32.222 115.00 

0.8959 0.5200         
 !Capacity and Design Energy Input Fraction at  0.5
 6.111       32.222 116.11 

1.0306 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       26.667 108.89 

1.0816 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       26.667 111.67 

1.1286 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       26.667 113.89 

1.1510 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       26.667 115.00 

1.1714 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       26.667 116.11 

0.9041 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       29.444 108.89 

0.9531 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       29.444 111.67 

1.0000 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       29.444 113.89 

1.0224 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       29.444 115.00 

1.0449 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       29.444 116.11 

0.7776 0.5150         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       32.222 108.89 
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0.8265 0.5150         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       32.222 111.67 

0.8735 0.5150         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       32.222 113.89 

0.8959 0.5150         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       32.222 115.00 

0.9163 0.5150         
 !Capacity and Design Energy Input Fraction at  0.5
 6.667       32.222 116.11 

1.0531 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       26.667 108.89 

1.1041 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       26.667 111.67 

1.1510 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       26.667 113.89 

1.1735 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       26.667 115.00 

1.1959 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       26.667 116.11 

0.9245 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       29.444 108.89 

0.9755 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       29.444 111.67 

1.0224 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       29.444 113.89 

1.0449 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       29.444 115.00 

1.0673 0.4950         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       29.444 116.11 

0.7980 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       32.222 108.89 
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0.8469 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       32.222 111.67 

0.8939 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       32.222 113.89 

0.9163 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       32.222 115.00 

0.9388 0.5100         
 !Capacity and Design Energy Input Fraction at  0.5
 7.222       32.222 116.11 

1.0755 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       26.667 108.89 

1.1265 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       26.667 111.67 

1.1755 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       26.667 113.89 

1.1980 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       26.667 115.00 

1.2184 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       26.667 116.11 

0.9469 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       29.444 108.89 

0.9980 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       29.444 111.67 

1.0449 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       29.444 113.89 

1.0673 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       29.444 115.00 

1.0898 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       29.444 116.11 

0.8184 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       32.222 108.89 
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0.8694 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       32.222 111.67 

0.9163 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       32.222 113.89 

0.9388 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       32.222 115.00 

0.9592 0.5050         
 !Capacity and Design Energy Input Fraction at  0.5
 7.778       32.222 116.11 

1.1204 0.4750         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       26.667 108.89 

1.1735 0.4750         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       26.667 111.67 

1.2204 0.4750         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       26.667 113.89 

1.2449 0.4750         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       26.667 115.00 

1.2673 0.4750         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       26.667 116.11 

0.9898 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       29.444 108.89 

1.0408 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       29.444 111.67 

1.0898 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       29.444 113.89 

1.1122 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       29.444 115.00 

1.1347 0.4850         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       29.444 116.11 

0.8592 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       32.222 108.89 
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0.9102 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       32.222 111.67 

0.9592 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       32.222 113.89 

0.9816 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       32.222 115.00 

1.0041 0.5000         
 !Capacity and Design Energy Input Fraction at  0.5
 8.889       32.222 116.11 

1.1673 0.4700         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      26.667 108.89 

1.2204 0.4700         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      26.667 111.67 

1.2694 0.4700         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      26.667 113.89 

1.2898 0.4700         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      26.667 115.00 

1.2898 0.4700         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      26.667 116.11 

1.0347 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      29.444 108.89 

1.0857 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      29.444 111.67 

1.1347 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      29.444 113.89 

1.1592 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      29.444 115.00 

1.1796 0.4800         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      29.444 116.11 

0.9020 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      32.222 108.89 
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0.9531 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      32.222 111.67 

1.0020 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      32.222 113.89 

1.0245 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      32.222 115.00 

1.0469 0.4900         
 !Capacity and Design Energy Input Fraction at  0.5
 10.000      32.222 116.11 

0.9878 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       26.667 108.89 

1.0367 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       26.667 111.67 

1.0837 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       26.667 113.89 

1.1041 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       26.667 115.00 

1.1265 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       26.667 116.11 

0.8612 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       29.444 108.89 

0.9102 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       29.444 111.67 

0.9571 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       29.444 113.89 

0.9796 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       29.444 115.00 

1.0000 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       29.444 116.11 

0.7347 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       32.222 108.89 
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0.7857 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       32.222 111.67 

0.8327 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       32.222 113.89 

0.8531 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       32.222 115.00 

0.8735 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 5.556       32.222 116.11 

1.0102 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       26.667 108.89 

1.0592 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       26.667 111.67 

1.1061 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       26.667 113.89 

1.1286 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       26.667 115.00 

1.1490 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       26.667 116.11 

0.8837 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       29.444 108.89 

0.9327 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       29.444 111.67 

0.9776 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       29.444 113.89 

1.0000 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       29.444 115.00 

1.0224 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       29.444 116.11 

0.7571 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       32.222 108.89 
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0.8061 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       32.222 111.67 

0.8531 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       32.222 113.89 

0.8735 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       32.222 115.00 

0.8959 0.6240         
 !Capacity and Design Energy Input Fraction at  0.6
 6.111       32.222 116.11 

1.0306 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       26.667 108.89 

1.0816 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       26.667 111.67 

1.1286 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       26.667 113.89 

1.1510 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       26.667 115.00 

1.1714 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       26.667 116.11 

0.9041 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       29.444 108.89 

0.9531 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       29.444 111.67 

1.0000 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       29.444 113.89 

1.0224 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       29.444 115.00 

1.0449 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       29.444 116.11 

0.7776 0.6180         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       32.222 108.89 
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0.8265 0.6180         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       32.222 111.67 

0.8735 0.6180         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       32.222 113.89 

0.8959 0.6180         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       32.222 115.00 

0.9163 0.6180         
 !Capacity and Design Energy Input Fraction at  0.6
 6.667       32.222 116.11 

1.0531 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       26.667 108.89 

1.1041 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       26.667 111.67 

1.1510 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       26.667 113.89 

1.1735 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       26.667 115.00 

1.1959 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       26.667 116.11 

0.9245 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       29.444 108.89 

0.9755 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       29.444 111.67 

1.0224 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       29.444 113.89 

1.0449 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       29.444 115.00 

1.0673 0.5940         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       29.444 116.11 

0.7980 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       32.222 108.89 
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0.8469 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       32.222 111.67 

0.8939 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       32.222 113.89 

0.9163 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       32.222 115.00 

0.9388 0.6120         
 !Capacity and Design Energy Input Fraction at  0.6
 7.222       32.222 116.11 

1.0755 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       26.667 108.89 

1.1265 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       26.667 111.67 

1.1755 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       26.667 113.89 

1.1980 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       26.667 115.00 

1.2184 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       26.667 116.11 

0.9469 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       29.444 108.89 

0.9980 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       29.444 111.67 

1.0449 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       29.444 113.89 

1.0673 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       29.444 115.00 

1.0898 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       29.444 116.11 

0.8184 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       32.222 108.89 
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0.8694 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       32.222 111.67 

0.9163 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       32.222 113.89 

0.9388 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       32.222 115.00 

0.9592 0.6060         
 !Capacity and Design Energy Input Fraction at  0.6
 7.778       32.222 116.11 

1.1204 0.5700         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       26.667 108.89 

1.1735 0.5700         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       26.667 111.67 

1.2204 0.5700         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       26.667 113.89 

1.2449 0.5700         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       26.667 115.00 

1.2673 0.5700         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       26.667 116.11 

0.9898 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       29.444 108.89 

1.0408 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       29.444 111.67 

1.0898 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       29.444 113.89 

1.1122 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       29.444 115.00 

1.1347 0.5820         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       29.444 116.11 

0.8592 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       32.222 108.89 
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0.9102 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       32.222 111.67 

0.9592 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       32.222 113.89 

0.9816 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       32.222 115.00 

1.0041 0.6000         
 !Capacity and Design Energy Input Fraction at  0.6
 8.889       32.222 116.11 

1.1673 0.5640         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      26.667 108.89 

1.2204 0.5640         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      26.667 111.67 

1.2694 0.5640         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      26.667 113.89 

1.2898 0.5640         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      26.667 115.00 

1.2898 0.5640         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      26.667 116.11 

1.0347 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      29.444 108.89 

1.0857 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      29.444 111.67 

1.1347 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      29.444 113.89 

1.1592 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      29.444 115.00 

1.1796 0.5760         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      29.444 116.11 

0.9020 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      32.222 108.89 
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0.9531 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      32.222 111.67 

1.0020 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      32.222 113.89 

1.0245 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      32.222 115.00 

1.0469 0.5880         
 !Capacity and Design Energy Input Fraction at  0.6
 10.000      32.222 116.11 

0.9878 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       26.667 108.89 

1.0367 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       26.667 111.67 

1.0837 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       26.667 113.89 

1.1041 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       26.667 115.00 

1.1265 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       26.667 116.11 

0.8612 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       29.444 108.89 

0.9102 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       29.444 111.67 

0.9571 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       29.444 113.89 

0.9796 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       29.444 115.00 

1.0000 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       29.444 116.11 

0.7347 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       32.222 108.89 
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0.7857 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       32.222 111.67 

0.8327 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       32.222 113.89 

0.8531 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       32.222 115.00 

0.8735 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 5.556       32.222 116.11 

1.0102 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       26.667 108.89 

1.0592 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       26.667 111.67 

1.1061 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       26.667 113.89 

1.1286 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       26.667 115.00 

1.1490 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       26.667 116.11 

0.8837 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       29.444 108.89 

0.9327 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       29.444 111.67 

0.9776 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       29.444 113.89 

1.0000 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       29.444 115.00 

1.0224 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       29.444 116.11 

0.7571 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       32.222 108.89 
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0.8061 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       32.222 111.67 

0.8531 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       32.222 113.89 

0.8735 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       32.222 115.00 

0.8959 0.7280         
 !Capacity and Design Energy Input Fraction at  0.7
 6.111       32.222 116.11 

1.0306 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       26.667 108.89 

1.0816 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       26.667 111.67 

1.1286 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       26.667 113.89 

1.1510 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       26.667 115.00 

1.1714 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       26.667 116.11 

0.9041 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       29.444 108.89 

0.9531 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       29.444 111.67 

1.0000 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       29.444 113.89 

1.0224 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       29.444 115.00 

1.0449 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       29.444 116.11 

0.7776 0.7210         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       32.222 108.89 
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0.8265 0.7210         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       32.222 111.67 

0.8735 0.7210         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       32.222 113.89 

0.8959 0.7210         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       32.222 115.00 

0.9163 0.7210         
 !Capacity and Design Energy Input Fraction at  0.7
 6.667       32.222 116.11 

1.0531 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       26.667 108.89 

1.1041 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       26.667 111.67 

1.1510 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       26.667 113.89 

1.1735 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       26.667 115.00 

1.1959 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       26.667 116.11 

0.9245 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       29.444 108.89 

0.9755 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       29.444 111.67 

1.0224 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       29.444 113.89 

1.0449 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       29.444 115.00 

1.0673 0.6930         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       29.444 116.11 

0.7980 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       32.222 108.89 



Appendix C: Chiller performance data 
 

182 
 

0.8469 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       32.222 111.67 

0.8939 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       32.222 113.89 

0.9163 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       32.222 115.00 

0.9388 0.7140         
 !Capacity and Design Energy Input Fraction at  0.7
 7.222       32.222 116.11 

1.0755 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       26.667 108.89 

1.1265 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       26.667 111.67 

1.1755 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       26.667 113.89 

1.1980 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       26.667 115.00 

1.2184 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       26.667 116.11 

0.9469 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       29.444 108.89 

0.9980 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       29.444 111.67 

1.0449 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       29.444 113.89 

1.0673 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       29.444 115.00 

1.0898 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       29.444 116.11 

0.8184 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       32.222 108.89 
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0.8694 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       32.222 111.67 

0.9163 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       32.222 113.89 

0.9388 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       32.222 115.00 

0.9592 0.7070         
 !Capacity and Design Energy Input Fraction at  0.7
 7.778       32.222 116.11 

1.1204 0.6650         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       26.667 108.89 

1.1735 0.6650         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       26.667 111.67 

1.2204 0.6650         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       26.667 113.89 

1.2449 0.6650         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       26.667 115.00 

1.2673 0.6650         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       26.667 116.11 

0.9898 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       29.444 108.89 

1.0408 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       29.444 111.67 

1.0898 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       29.444 113.89 

1.1122 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       29.444 115.00 

1.1347 0.6790         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       29.444 116.11 

0.8592 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       32.222 108.89 
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0.9102 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       32.222 111.67 

0.9592 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       32.222 113.89 

0.9816 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       32.222 115.00 

1.0041 0.7000         
 !Capacity and Design Energy Input Fraction at  0.7
 8.889       32.222 116.11 

1.1673 0.6580         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      26.667 108.89 

1.2204 0.6580         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      26.667 111.67 

1.2694 0.6580         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      26.667 113.89 

1.2898 0.6580         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      26.667 115.00 

1.2898 0.6580         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      26.667 116.11 

1.0347 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      29.444 108.89 

1.0857 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      29.444 111.67 

1.1347 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      29.444 113.89 

1.1592 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      29.444 115.00 

1.1796 0.6720         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      29.444 116.11 

0.9020 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      32.222 108.89 
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0.9531 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      32.222 111.67 

1.0020 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      32.222 113.89 

1.0245 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      32.222 115.00 

1.0469 0.6860         
 !Capacity and Design Energy Input Fraction at  0.7
 10.000      32.222 116.11 

0.9878 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       26.667 108.89 

1.0367 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       26.667 111.67 

1.0837 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       26.667 113.89 

1.1041 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       26.667 115.00 

1.1265 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       26.667 116.11 

0.8612 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       29.444 108.89 

0.9102 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       29.444 111.67 

0.9571 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       29.444 113.89 

0.9796 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       29.444 115.00 

1.0000 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       29.444 116.11 

0.7347 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       32.222 108.89 
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0.7857 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       32.222 111.67 

0.8327 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       32.222 113.89 

0.8531 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       32.222 115.00 

0.8735 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 5.556       32.222 116.11 

1.0102 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       26.667 108.89 

1.0592 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       26.667 111.67 

1.1061 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       26.667 113.89 

1.1286 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       26.667 115.00 

1.1490 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       26.667 116.11 

0.8837 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       29.444 108.89 

0.9327 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       29.444 111.67 

0.9776 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       29.444 113.89 

1.0000 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       29.444 115.00 

1.0224 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       29.444 116.11 

0.7571 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       32.222 108.89 
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0.8061 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       32.222 111.67 

0.8531 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       32.222 113.89 

0.8735 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       32.222 115.00 

0.8959 0.8320         
 !Capacity and Design Energy Input Fraction at  0.8
 6.111       32.222 116.11 

1.0306 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       26.667 108.89 

1.0816 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       26.667 111.67 

1.1286 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       26.667 113.89 

1.1510 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       26.667 115.00 

1.1714 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       26.667 116.11 

0.9041 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       29.444 108.89 

0.9531 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       29.444 111.67 

1.0000 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       29.444 113.89 

1.0224 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       29.444 115.00 

1.0449 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       29.444 116.11 

0.7776 0.8240         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       32.222 108.89 
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0.8265 0.8240         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       32.222 111.67 

0.8735 0.8240         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       32.222 113.89 

0.8959 0.8240         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       32.222 115.00 

0.9163 0.8240         
 !Capacity and Design Energy Input Fraction at  0.8
 6.667       32.222 116.11 

1.0531 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       26.667 108.89 

1.1041 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       26.667 111.67 

1.1510 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       26.667 113.89 

1.1735 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       26.667 115.00 

1.1959 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       26.667 116.11 

0.9245 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       29.444 108.89 

0.9755 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       29.444 111.67 

1.0224 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       29.444 113.89 

1.0449 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       29.444 115.00 

1.0673 0.7920         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       29.444 116.11 

0.7980 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       32.222 108.89 
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0.8469 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       32.222 111.67 

0.8939 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       32.222 113.89 

0.9163 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       32.222 115.00 

0.9388 0.8160         
 !Capacity and Design Energy Input Fraction at  0.8
 7.222       32.222 116.11 

1.0755 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       26.667 108.89 

1.1265 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       26.667 111.67 

1.1755 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       26.667 113.89 

1.1980 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       26.667 115.00 

1.2184 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       26.667 116.11 

0.9469 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       29.444 108.89 

0.9980 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       29.444 111.67 

1.0449 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       29.444 113.89 

1.0673 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       29.444 115.00 

1.0898 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       29.444 116.11 

0.8184 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       32.222 108.89 
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0.8694 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       32.222 111.67 

0.9163 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       32.222 113.89 

0.9388 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       32.222 115.00 

0.9592 0.8080         
 !Capacity and Design Energy Input Fraction at  0.8
 7.778       32.222 116.11 

1.1204 0.7600         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       26.667 108.89 

1.1735 0.7600         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       26.667 111.67 

1.2204 0.7600         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       26.667 113.89 

1.2449 0.7600         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       26.667 115.00 

1.2673 0.7600         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       26.667 116.11 

0.9898 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       29.444 108.89 

1.0408 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       29.444 111.67 

1.0898 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       29.444 113.89 

1.1122 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       29.444 115.00 

1.1347 0.7760         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       29.444 116.11 

0.8592 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       32.222 108.89 
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0.9102 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       32.222 111.67 

0.9592 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       32.222 113.89 

0.9816 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       32.222 115.00 

1.0041 0.8000         
 !Capacity and Design Energy Input Fraction at  0.8
 8.889       32.222 116.11 

1.1673 0.7520         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      26.667 108.89 

1.2204 0.7520         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      26.667 111.67 

1.2694 0.7520         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      26.667 113.89 

1.2898 0.7520         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      26.667 115.00 

1.2898 0.7520         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      26.667 116.11 

1.0347 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      29.444 108.89 

1.0857 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      29.444 111.67 

1.1347 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      29.444 113.89 

1.1592 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      29.444 115.00 

1.1796 0.7680         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      29.444 116.11 

0.9020 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      32.222 108.89 
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0.9531 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      32.222 111.67 

1.0020 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      32.222 113.89 

1.0245 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      32.222 115.00 

1.0469 0.7840         
 !Capacity and Design Energy Input Fraction at  0.8
 10.000      32.222 116.11 

0.9878 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       26.667 108.89 

1.0367 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       26.667 111.67 

1.0837 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       26.667 113.89 

1.1041 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       26.667 115.00 

1.1265 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       26.667 116.11 

0.8612 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       29.444 108.89 

0.9102 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       29.444 111.67 

0.9571 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       29.444 113.89 

0.9796 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       29.444 115.00 

1.0000 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       29.444 116.11 

0.7347 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       32.222 108.89 
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0.7857 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       32.222 111.67 

0.8327 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       32.222 113.89 

0.8531 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       32.222 115.00 

0.8735 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 5.556       32.222 116.11 

1.0102 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       26.667 108.89 

1.0592 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       26.667 111.67 

1.1061 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       26.667 113.89 

1.1286 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       26.667 115.00 

1.1490 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       26.667 116.11 

0.8837 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       29.444 108.89 

0.9327 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       29.444 111.67 

0.9776 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       29.444 113.89 

1.0000 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       29.444 115.00 

1.0224 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       29.444 116.11 

0.7571 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       32.222 108.89 
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0.8061 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       32.222 111.67 

0.8531 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       32.222 113.89 

0.8735 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       32.222 115.00 

0.8959 0.9360         
 !Capacity and Design Energy Input Fraction at  0.9
 6.111       32.222 116.11 

1.0306 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       26.667 108.89 

1.0816 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       26.667 111.67 

1.1286 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       26.667 113.89 

1.1510 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       26.667 115.00 

1.1714 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       26.667 116.11 

0.9041 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       29.444 108.89 

0.9531 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       29.444 111.67 

1.0000 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       29.444 113.89 

1.0224 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       29.444 115.00 

1.0449 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       29.444 116.11 

0.7776 0.9270         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       32.222 108.89 
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0.8265 0.9270         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       32.222 111.67 

0.8735 0.9270         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       32.222 113.89 

0.8959 0.9270         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       32.222 115.00 

0.9163 0.9270         
 !Capacity and Design Energy Input Fraction at  0.9
 6.667       32.222 116.11 

1.0531 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       26.667 108.89 

1.1041 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       26.667 111.67 

1.1510 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       26.667 113.89 

1.1735 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       26.667 115.00 

1.1959 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       26.667 116.11 

0.9245 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       29.444 108.89 

0.9755 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       29.444 111.67 

1.0224 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       29.444 113.89 

1.0449 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       29.444 115.00 

1.0673 0.8910         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       29.444 116.11 

0.7980 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       32.222 108.89 
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0.8469 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       32.222 111.67 

0.8939 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       32.222 113.89 

0.9163 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       32.222 115.00 

0.9388 0.9180         
 !Capacity and Design Energy Input Fraction at  0.9
 7.222       32.222 116.11 

1.0755 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       26.667 108.89 

1.1265 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       26.667 111.67 

1.1755 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       26.667 113.89 

1.1980 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       26.667 115.00 

1.2184 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       26.667 116.11 

0.9469 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       29.444 108.89 

0.9980 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       29.444 111.67 

1.0449 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       29.444 113.89 

1.0673 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       29.444 115.00 

1.0898 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       29.444 116.11 

0.8184 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       32.222 108.89 
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0.8694 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       32.222 111.67 

0.9163 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       32.222 113.89 

0.9388 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       32.222 115.00 

0.9592 0.9090         
 !Capacity and Design Energy Input Fraction at  0.9
 7.778       32.222 116.11 

1.1204 0.8550         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       26.667 108.89 

1.1735 0.8550         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       26.667 111.67 

1.2204 0.8550         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       26.667 113.89 

1.2449 0.8550         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       26.667 115.00 

1.2673 0.8550         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       26.667 116.11 

0.9898 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       29.444 108.89 

1.0408 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       29.444 111.67 

1.0898 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       29.444 113.89 

1.1122 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       29.444 115.00 

1.1347 0.8730         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       29.444 116.11 

0.8592 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       32.222 108.89 
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0.9102 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       32.222 111.67 

0.9592 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       32.222 113.89 

0.9816 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       32.222 115.00 

1.0041 0.9000         
 !Capacity and Design Energy Input Fraction at  0.9
 8.889       32.222 116.11 

1.1673 0.8460         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      26.667 108.89 

1.2204 0.8460         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      26.667 111.67 

1.2694 0.8460         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      26.667 113.89 

1.2898 0.8460         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      26.667 115.00 

1.2898 0.8460         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      26.667 116.11 

1.0347 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      29.444 108.89 

1.0857 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      29.444 111.67 

1.1347 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      29.444 113.89 

1.1592 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      29.444 115.00 

1.1796 0.8640         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      29.444 116.11 

0.9020 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      32.222 108.89 
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0.9531 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      32.222 111.67 

1.0020 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      32.222 113.89 

1.0245 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      32.222 115.00 

1.0469 0.8820         
 !Capacity and Design Energy Input Fraction at  0.9
 10.000      32.222 116.11 

0.9878 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 5.556       26.667 108.89 

1.0367 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 5.556       26.667 111.67 

1.0837 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 5.556       26.667 113.89 

1.1041 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 5.556       26.667 115.00 

1.1265 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 5.556       26.667 116.11 

0.8612 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 5.556       29.444 108.89 

0.9102 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 5.556       29.444 111.67 

0.9571 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 5.556       29.444 113.89 

0.9796 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 5.556       29.444 115.00 

1.0000 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 5.556       29.444 116.11 

0.7347 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 5.556       32.222 108.89 
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0.7857 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 5.556       32.222 111.67 

0.8327 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 5.556       32.222 113.89 

0.8531 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 5.556       32.222 115.00 

0.8735 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 5.556       32.222 116.11 

1.0102 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.111       26.667 108.89 

1.0592 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.111       26.667 111.67 

1.1061 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.111       26.667 113.89 

1.1286 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.111       26.667 115.00 

1.1490 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.111       26.667 116.11 

0.8837 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 6.111       29.444 108.89 

0.9327 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 6.111       29.444 111.67 

0.9776 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 6.111       29.444 113.89 

1.0000 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 6.111       29.444 115.00 

1.0224 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 6.111       29.444 116.11 

0.7571 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 6.111       32.222 108.89 
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0.8061 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 6.111       32.222 111.67 

0.8531 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 6.111       32.222 113.89 

0.8735 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 6.111       32.222 115.00 

0.8959 1.0400         
 !Capacity and Design Energy Input Fraction at  1
 6.111       32.222 116.11 

1.0306 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.667       26.667 108.89 

1.0816 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.667       26.667 111.67 

1.1286 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.667       26.667 113.89 

1.1510 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.667       26.667 115.00 

1.1714 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 6.667       26.667 116.11 

0.9041 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 6.667       29.444 108.89 

0.9531 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 6.667       29.444 111.67 

1.0000 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 6.667       29.444 113.89 

1.0224 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 6.667       29.444 115.00 

1.0449 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 6.667       29.444 116.11 

0.7776 1.0300         
 !Capacity and Design Energy Input Fraction at  1
 6.667       32.222 108.89 
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0.8265 1.0300         
 !Capacity and Design Energy Input Fraction at  1
 6.667       32.222 111.67 

0.8735 1.0300         
 !Capacity and Design Energy Input Fraction at  1
 6.667       32.222 113.89 

0.8959 1.0300         
 !Capacity and Design Energy Input Fraction at  1
 6.667       32.222 115.00 

0.9163 1.0300         
 !Capacity and Design Energy Input Fraction at  1
 6.667       32.222 116.11 

1.0531 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 7.222       26.667 108.89 

1.1041 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 7.222       26.667 111.67 

1.1510 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 7.222       26.667 113.89 

1.1735 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 7.222       26.667 115.00 

1.1959 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 7.222       26.667 116.11 

0.9245 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 7.222       29.444 108.89 

0.9755 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 7.222       29.444 111.67 

1.0224 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 7.222       29.444 113.89 

1.0449 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 7.222       29.444 115.00 

1.0673 0.9900         
 !Capacity and Design Energy Input Fraction at  1
 7.222       29.444 116.11 

0.7980 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 7.222       32.222 108.89 
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0.8469 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 7.222       32.222 111.67 

0.8939 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 7.222       32.222 113.89 

0.9163 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 7.222       32.222 115.00 

0.9388 1.0200         
 !Capacity and Design Energy Input Fraction at  1
 7.222       32.222 116.11 

1.0755 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 7.778       26.667 108.89 

1.1265 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 7.778       26.667 111.67 

1.1755 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 7.778       26.667 113.89 

1.1980 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 7.778       26.667 115.00 

1.2184 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 7.778       26.667 116.11 

0.9469 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 7.778       29.444 108.89 

0.9980 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 7.778       29.444 111.67 

1.0449 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 7.778       29.444 113.89 

1.0673 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 7.778       29.444 115.00 

1.0898 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 7.778       29.444 116.11 

0.8184 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 7.778       32.222 108.89 



Appendix C: Chiller performance data 
 

204 
 

0.8694 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 7.778       32.222 111.67 

0.9163 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 7.778       32.222 113.89 

0.9388 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 7.778       32.222 115.00 

0.9592 1.0100         
 !Capacity and Design Energy Input Fraction at  1
 7.778       32.222 116.11 

1.1204 0.9500         
 !Capacity and Design Energy Input Fraction at  1
 8.889       26.667 108.89 

1.1735 0.9500         
 !Capacity and Design Energy Input Fraction at  1
 8.889       26.667 111.67 

1.2204 0.9500         
 !Capacity and Design Energy Input Fraction at  1
 8.889       26.667 113.89 

1.2449 0.9500         
 !Capacity and Design Energy Input Fraction at  1
 8.889       26.667 115.00 

1.2673 0.9500         
 !Capacity and Design Energy Input Fraction at  1
 8.889       26.667 116.11 

0.9898 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 8.889       29.444 108.89 

1.0408 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 8.889       29.444 111.67 

1.0898 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 8.889       29.444 113.89 

1.1122 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 8.889       29.444 115.00 

1.1347 0.9700         
 !Capacity and Design Energy Input Fraction at  1
 8.889       29.444 116.11 

0.8592 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 8.889       32.222 108.89 
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0.9102 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 8.889       32.222 111.67 

0.9592 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 8.889       32.222 113.89 

0.9816 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 8.889       32.222 115.00 

1.0041 1.0000         
 !Capacity and Design Energy Input Fraction at  1
 8.889       32.222 116.11 

1.1673 0.9400         
 !Capacity and Design Energy Input Fraction at  1
 10.000      26.667 108.89 

1.2204 0.9400         
 !Capacity and Design Energy Input Fraction at  1
 10.000      26.667 111.67 

1.2694 0.9400         
 !Capacity and Design Energy Input Fraction at  1
 10.000      26.667 113.89 

1.2898 0.9400         
 !Capacity and Design Energy Input Fraction at  1
 10.000      26.667 115.00 

1.2898 0.9400         
 !Capacity and Design Energy Input Fraction at  1
 10.000      26.667 116.11 

1.0347 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 10.000      29.444 108.89 

1.0857 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 10.000      29.444 111.67 

1.1347 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 10.000      29.444 113.89 

1.1592 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 10.000      29.444 115.00 

1.1796 0.9600         
 !Capacity and Design Energy Input Fraction at  1
 10.000      29.444 116.11 

0.9020 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 10.000      32.222 108.89 
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0.9531 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 10.000      32.222 111.67 

1.0020 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 10.000      32.222 113.89 

1.0245 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 10.000      32.222 115.00 

1.0469 0.9800         
 !Capacity and Design Energy Input Fraction at  1
 10.000      32.222 116.11 
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Appendix E: Heat pump performance data 
 
!Heating mode data 
 
0.5429 1.0000 1.2714    
!Normalized Load Flow Rates 
0.5429 1.0000 1.2714    
!Normalized Source Flow Rates 
15.5556 26.6667 37.7778 48.8889    
!Entering Load Temperatures (C) 
-1.1111 4.4444 10.0000 15.5556 21.1111 26.6667 
!Entering Source Temperatures (C) 
0.8199 0.7308       
!Normalized Capacity and Power at 0.5429, 0.5429, 15.56, and -1.11 
0.8860 0.7564     
0.9559 0.7692     
1.0331 0.7885     
1.1176 0.8013     
1.2059 0.8077     
0.7831 1.0321     
0.8456 1.0641     
0.9118 1.0897     
0.9853 1.1090     
1.0662 1.1282     
1.1507 1.1474     
0.7574 1.3526 
0.8162 1.3974 
0.8824 1.4295 
0.9522 1.4551 
1.0294 1.4808 
1.1103 1.5000 
0.7316 1.6859 
0.7941 1.7372 
0.8566 1.7756 
0.9228 1.8141 
0.9963 1.8397 
1.0772 1.8654 
0.9007 0.7372 
0.9706 0.7564 
1.0478 0.7756 
1.1324 0.7885 
1.2243 0.8013 
1.3199 0.8141 
0.8566 1.0385 
0.9265 1.0705 
1.0000 1.0962 
1.0809 1.1154 
1.1654 1.1346 
1.2610 1.1538 
0.8272 1.3590 
0.8934 1.4038 
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! Heating Normalized Capacity and Power (continued…) 
0.9669 1.4359 
1.0441 1.4615 
1.1250 1.4872 
1.2169 1.5064 
0.8015 1.6923 
0.8676 1.7436 
0.9375 1.7885 
1.0110 1.8205 
1.0919 1.8526 
1.1801 1.8782 
0.9118 0.7436 
0.9853 0.7628 
1.0625 0.7821 
1.1471 0.7949 
1.2390 0.8077 
1.3382 0.8205 
0.8713 1.0513 
0.9412 1.0833 
1.0147 1.1090 
1.0956 1.1282 
1.1838 1.1474 
1.2794 1.1603 
0.8382 1.3718 
0.9081 1.4167 
0.9779 1.4487 
1.0588 1.4744 
1.1434 1.5000 
1.2316 1.5192 
0.8162 1.7115 
0.8787 1.7628 
0.9522 1.8013 
1.0257 1.8397 
1.1103 1.8654 
1.1949 1.8974 
0.8199 0.6667 
0.8860 0.6859 
0.9559 0.7051 
1.0331 0.7179 
1.1176 0.7308 
1.2059 0.7372 
0.7831 0.9423 
0.8456 0.9744 
0.9118 0.9936 
0.9853 1.0128 
1.0662 1.0321 
1.1507 1.0449 
0.7574 1.2372 
0.8162 1.2756 
0.8824 1.3013 
0.9522 1.3269 
1.0294 1.3526 
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! Heating Normalized Capacity and Power (continued…) 
1.1103 1.3718 
0.7316 1.5385 
0.7941 1.5833 
0.8566 1.6218 
0.9228 1.6538 
0.9963 1.6795 
1.0772 1.7051 
0.9007 0.6731 
0.9706 0.6923 
1.0478 0.7051 
1.1324 0.7244 
1.2243 0.7308 
1.3199 0.7436 
0.8566 0.9487 
0.9265 0.9808 
1.0000 1.0000 
1.0809 1.0192 
1.1654 1.0385 
1.2610 1.0513 
0.8272 1.2436 
0.8934 1.2821 
0.9669 1.3077 
1.0441 1.3333 
1.1250 1.3590 
1.2169 1.3782 
0.8015 1.5449 
0.8676 1.5962 
0.9375 1.6346 
1.0110 1.6667 
1.0919 1.6923 
1.1801 1.7115 
0.9118 0.6795 
0.9853 0.6987 
1.0625 0.7115 
1.1471 0.7308 
1.2390 0.7372 
1.3382 0.7500 
0.8713 0.9551 
0.9412 0.9872 
1.0147 1.0128 
1.0956 1.0321 
1.1838 1.0449 
1.2794 1.0641 
0.8382 1.2564 
0.9081 1.2885 
0.9779 1.3205 
1.0588 1.3462 
1.1434 1.3718 
1.2316 1.3910 
0.8162 1.5641 
0.8787 1.6090 
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! Heating Normalized Capacity and Power (continued…) 
0.9522 1.6474 
1.0257 1.6795 
1.1103 1.7051 
1.1949 1.7308 
0.8199 0.6474 
0.8860 0.6667 
0.9559 0.6859 
1.0331 0.6987 
1.1176 0.7051 
1.2059 0.7179 
0.7831 0.9167 
0.8456 0.9423 
0.9118 0.9679 
0.9853 0.9872 
1.0662 1.0000 
1.1507 1.0128 
0.7574 1.1987 
0.8162 1.2372 
0.8824 1.2628 
0.9522 1.2885 
1.0294 1.3077 
1.1103 1.3269 
0.7316 1.4936 
0.7941 1.5385 
0.8566 1.5769 
0.9228 1.6090 
0.9963 1.6346 
1.0772 1.6538 
0.9007 0.6538 
0.9706 0.6731 
1.0478 0.6859 
1.1324 0.6987 
1.2243 0.7115 
1.3199 0.7244 
0.8566 0.9231 
0.9265 0.9487 
1.0000 0.9744 
1.0809 0.9872 
1.1654 1.0064 
1.2610 1.0192 
0.8272 1.2051 
0.8934 1.2436 
0.9669 1.2692 
1.0441 1.2949 
1.1250 1.3141 
1.2169 1.3333 
0.8015 1.5000 
0.8676 1.5449 
0.9375 1.5833 
1.0110 1.6154 
1.0919 1.6410 
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! Heating Normalized Capacity and Power (continued…) 
1.1801 1.6667 
0.9118 0.6538 
0.9853 0.6795 
1.0625 0.6923 
1.1471 0.7051 
1.2390 0.7179 
1.3382 0.7308 
0.8713 0.9295 
0.9412 0.9551 
1.0147 0.9808 
1.0956 1.0000 
1.1838 1.0128 
1.2794 1.0321 
0.8382 1.2179 
0.9081 1.2564 
0.9779 1.2821 
1.0588 1.3077 
1.1434 1.3269 
1.2316 1.3462 
0.8162 1.5128 
0.8787 1.5641 
0.9522 1.5962 
1.0257 1.6282 
1.1103 1.6538 
1.1949 1.6795 
!Format Load flow, Source flow, Load EWT, Source EWT, Capacity Ratio, 
Power Ratio  
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!Cooling mode data 
 
0.5429 1.0000 1.2714   
!Normalized Load Flow Rate     
0.5429 1.0000 1.2714   
!Normalized Source Flow Rate    
7.2222 12.0000 18.3333 23.8889  
!Enertering Load Temperatures    
10.0000 15.5556 21.1111 26.6667 32.2222 37.7778
 43.3333 48.8889  
!Enertering Source Temperatures 
0.9043 0.7176     
!Normalized Capacity and Normalized Power at 10.0 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.8612 0.8092     
!Normalized Capacity and Normalized Power at 15.56 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.8325 0.9160     
!Normalized Capacity and Normalized Power at 21.1 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.8086 1.0382     
!Normalized Capacity and Normalized Power at 26.67 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.7943 1.1832     
!Normalized Capacity and Normalized Power at 32.2 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.7799 1.3511     
!Normalized Capacity and Normalized Power at 37.78 C (T_Source_In), 
7.22 C (T_Load_In), 0.5429, and 0.5429   
0.7703 1.5344      
0.7608 1.7328       
0.9952 0.7328     
!Normalized Capacity and Normalized Power at 10.0 C (T_Source_In), 
12.00 C (T_Load_In), 0.5429, and 0.5429   
0.9474 0.8168       
0.9187 0.9237       
0.8947 1.0534       
0.8804 1.1985 
0.8660 1.3588 
0.8565 1.5420 
0.8517 1.7481 
1.1100 0.7405     
!Normalized Capacity and Normalized Power at 10.0 C (T_Source_In), 
18.33 C (T_Load_In), 0.5429, and 0.5429 
1.0670 0.8321 
1.0335 0.9389 
1.0144 1.0687 
0.9952 1.2137 
0.9856 1.3740 
0.9761 1.5573 
0.9665 1.7557 
1.2105 0.7557 
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! Cooling Normalized Capacity and Power (continued…) 
1.1675 0.8397 
1.1388 0.9542 
1.1148 1.0763 
1.1005 1.2214 
1.0861 1.3893 
1.0766 1.5649 
1.0670 1.7710 
0.9187 0.6718 
0.8708 0.7557 
0.8421 0.8550 
0.8182 0.9695 
0.8038 1.1069 
0.7895 1.2595 
0.7799 1.4275 
0.7703 1.6183 
1.0048 0.6794 
0.9617 0.7634 
0.9282 0.8626 
0.9091 0.9847 
0.8900 1.1221 
0.8804 1.2748 
0.8660 1.4427 
0.8612 1.6260 
1.1244 0.6947 
1.0766 0.7786 
1.0478 0.8779 
1.0239 0.9924 
1.0096 1.1298 
0.9952 1.2824 
0.9856 1.4504 
0.9761 1.6412 
1.2249 0.7023 
1.1818 0.7863 
1.1531 0.8855 
1.1292 1.0076 
1.1100 1.1374 
1.1005 1.2901 
1.0909 1.4656 
1.0813 1.6489 
0.9234 0.6565 
0.8756 0.7405 
0.8469 0.8397 
0.8230 0.9542 
0.8086 1.0840 
0.7943 1.2366 
0.7847 1.4046 
0.7751 1.5878 
1.0144 0.6641 
0.9665 0.7481 
0.9378 0.8473 
0.9139 0.9618 
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! Cooling Normalized Capacity and Power (continued…) 
 
0.8995 1.0992 
0.8852 1.2443 
0.8756 1.4122 
0.8660 1.5954 
1.1292 0.6794 
1.0861 0.7634 
1.0526 0.8626 
1.0335 0.9771 
1.0144 1.1069 
1.0048 1.2595 
0.9952 1.4275 
0.9856 1.6107 
1.2344 0.6870 
1.1914 0.7710 
1.1579 0.8702 
1.1388 0.9847 
1.1196 1.1221 
1.1053 1.2672 
1.0957 1.4351 
1.0909 1.6183 
0.9952 0.7328 
0.9474 0.8244 
0.9139 0.9313 
0.8900 1.0611 
0.8708 1.2061 
0.8612 1.3740 
0.8469 1.5649 
0.8373 1.7634 
1.0957 0.7405 
1.0431 0.8321 
1.0096 0.9466 
0.9856 1.0763 
0.9713 1.2214 
0.9569 1.3893 
0.9426 1.5725 
0.9378 1.7786 
1.2201 0.7557 
1.1722 0.8473 
1.1388 0.9618 
1.1148 1.0916 
1.0957 1.2366 
1.0861 1.4046 
1.0718 1.5878 
1.0622 1.7939 
1.3349 0.7710 
1.2871 0.8626 
1.2536 0.9695 
1.2297 1.0992 
1.2105 1.2443 
1.1962 1.4122 
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! Cooling Normalized Capacity and Power (continued…) 
 
1.1866 1.5954 
1.1770 1.8015 
1.0096 0.6794 
0.9569 0.7634 
0.9234 0.8702 
0.8995 0.9924 
0.8852 1.1298 
0.8708 1.2824 
0.8565 1.4580 
0.8469 1.6489 
1.1053 0.6947 
1.0574 0.7786 
1.0239 0.8855 
1.0000 1.0000 
0.9809 1.1374 
0.9665 1.2977 
0.9569 1.4656 
0.9474 1.6565 
1.2344 0.7099 
1.1866 0.7939 
1.1531 0.8931 
1.1292 1.0153 
1.1100 1.1527 
1.0957 1.3130 
1.0861 1.4809 
1.0766 1.6718 
1.3493 0.7176 
1.3014 0.8015 
1.2679 0.9084 
1.2440 1.0229 
1.2249 1.1603 
1.2105 1.3206 
1.2010 1.4962 
1.1914 1.6794 
1.0144 0.6718 
0.9665 0.7557 
0.9330 0.8550 
0.9091 0.9695 
0.8900 1.1069 
0.8756 1.2595 
0.8660 1.4275 
0.8565 1.6183 
1.1148 0.6794 
1.0622 0.7634 
1.0287 0.8626 
1.0048 0.9847 
0.9856 1.1221 
0.9761 1.2748 
0.9617 1.4427 
0.9522 1.6260 
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! Cooling Normalized Capacity and Power (continued…) 
 
1.2440 0.6947 
1.1962 0.7786 
1.1627 0.8779 
1.1388 1.0000 
1.1196 1.1298 
1.1053 1.2824 
1.0909 1.4580 
1.0861 1.6412 
1.3589 0.7023 
1.3110 0.7863 
1.2775 0.8855 
1.2536 1.0076 
1.2344 1.1450 
1.2201 1.2977 
1.2057 1.4656 
1.1962 1.6489 
1.0335 0.7328 
0.9809 0.8244 
0.9474 0.9389 
0.9234 1.0611 
0.9043 1.2137 
0.8900 1.3817 
0.8756 1.5649 
0.8660 1.7710 
1.1340 0.7481 
1.0813 0.8397 
1.0478 0.9466 
1.0239 1.0763 
1.0048 1.2290 
0.9904 1.3969 
0.9761 1.5802 
0.9665 1.7863 
1.2632 0.7634 
1.2153 0.8550 
1.1818 0.9618 
1.1531 1.0916 
1.1340 1.2366 
1.1196 1.4046 
1.1100 1.5954 
1.1005 1.8015 
1.3828 0.7710 
1.3301 0.8626 
1.2967 0.9695 
1.2727 1.0992 
1.2536 1.2519 
1.2392 1.4198 
1.2249 1.6031 
1.2153 1.8092 
1.0431 0.6870 
0.9904 0.7710 
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! Cooling Normalized Capacity and Power (continued…) 
 
0.9569 0.8702 
0.9330 0.9924 
0.9139 1.1298 
0.8995 1.2901 
0.8900 1.4656 
0.8804 1.6565 
1.1435 0.6947 
1.0957 0.7786 
1.0574 0.8855 
1.0335 1.0076 
1.0144 1.1450 
1.0000 1.2977 
0.9904 1.4733 
0.9809 1.6641 
1.2775 0.7099 
1.2297 0.7939 
1.1914 0.9008 
1.1675 1.0153 
1.1483 1.1603 
1.1340 1.3130 
1.1244 1.4885 
1.1148 1.6794 
1.3971 0.7176 
1.3445 0.8015 
1.3110 0.9084 
1.2871 1.0305 
1.2679 1.1679 
1.2536 1.3206 
1.2392 1.4962 
1.2297 1.6870 
1.0526 0.6718 
1.0000 0.7557 
0.9665 0.8550 
0.9378 0.9771 
0.9187 1.1145 
0.9043 1.2672 
0.8947 1.4351 
0.8852 1.6260 
1.1531 0.6870 
1.1005 0.7710 
1.0670 0.8702 
1.0431 0.9847 
1.0239 1.1221 
1.0096 1.2748 
0.9952 1.4504 
0.9856 1.6336 
1.2871 0.6947 
1.2344 0.7786 
1.2010 0.8779 
1.1770 1.0000 
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! Cooling Normalized Capacity and Power (continued…) 
 
1.1579 1.1374 
1.1435 1.2901 
1.1292 1.4580 
1.1196 1.6489 
1.4067 0.7023 
1.3541 0.7863 
1.3206 0.8931 
1.2967 1.0076 
1.2775 1.1450 
1.2632 1.2977 
1.2488 1.4733 
1.2392 1.6565     
!Normalized Capacity and Normalized Power at 48.89 C (T_Source_In), 
23.89 C (T_Load_In), 1.2714, and 1.2714  
!Format Load flow, Source flow, Load EWT, Source EWT, Capacity Ratio, 
Power Ratio 
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