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Abstract 

This study examines the environmental impacts and economic implications of 

implementing a solar-powered absorption cooling system in the 2012 World Cup Futsal Stadium 

in Bangkok, Thailand. The study consists of two parts: modeling of the potential output of the 

solar cooling system and a life cycle assessment of the solar cooling system.  The model projects 

the potential cooling output of the system based on hourly averaged inputs of ambient 

temperature, relative humidity, and solar radiation.  The results of the model show that 

approximately 74,000 MWh of electricity can be saved from the use of the solar cooling system 

over its lifetime.  Additionally, a payback period of around 13 years is determined for the solar 

cooling system.   

The life cycle assessment evaluates the manufacturing, use, transportation, and disposal 

phases of the solar cooling system.  The impact categories considered in the life cycle assessment 

are global warming potential, acidification potential, eutrophication potential, and abiotic 

resource depletion potential.  The life cycle assessment compares the environmental impacts of 

the non-operative stages of solar cooling life cycle to the avoided environmental impacts of the 

electricity saved by the system during the use phase.  In all impact categories, the avoided 

environmental impacts are greater than the life cycle impacts of the system.  The global warming 

potential (GWP) of the system is only approximately 1.1% of the avoided GWP of the electricity 

saved.  The highest proportion of life cycle impact to avoided environmental impact is for abiotic 

resource depletion (ARD) potential, in which the ARD potential is 10.1% of the avoided ARD 

potential.  Therefore, the benefits of the solar cooling system are far greater than the 

environmental burdens associated with its life cycle. 
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Executive Summary 

 

This study consists of the analytical modeling and life cycle assessment of a solar thermal 

powered lithium bromide (LiBr) absorption chiller (AC) to be implemented in the World Cup 

Futsal Stadium being built in Bangkok in 2012.  Solar powered absorption chilling uses 

renewable energy for heat extraction to produce chilled water via the phase changing of a 

refrigerant-absorbent solution (H2O-LiBr) within a vacuum. The system is powered by 

compound parabolic concentrator evacuated tube solar collectors (CPC collectors) that provide 

the thermal energy input to run the system.  The chilled water produced is used in an air 

conditioning system to meet the stadium’s cooling demand. 

 The system components of the solar cooling system considered in this study are 2000m
2
 

of CPC collectors which produce heated water, a hot water pump to transfer the water to a hot 

water storage tank, 4 expansion tanks which relieve pressure on the system, and a LiBr 

absorption chiller. 

The output production of the chiller is directly dependent on the input temperature of the 

hot water from the solar collector, and thus is purely dependent on climatic criteria. A computer 

model is created that estimates the potential cooling output of the system based on climatic 

data.  Ambient temperature, relative humidity and solar irradiance data from 2006-2010 is 

obtained from the Bangkok Meteorological Department to be used as the inputs to the cooling 

production model.  The climatic data is obtained as hourly data.  The raw data is analyzed for 

outliers.  The data is then averaged to produce hourly averages of each variable for each 

month.  The average hourly data for January, February, etc. is read into the model, and the 

monthly outputs are combined to produce an annual estimate of cooling production.  This is 

projected for fifty years, which is the lifetime of the cooling system, in order to determine a 

lifetime estimate of solar cooling production.      

The production of the solar cooling system is analyzed based on meeting a weekly 

cooling load demand of 9575 refrigeration ton hours (RTh). The cooling load demand is 

comprised of weekly office space use, requiring a total of 1575 RTh of chilled water, and 

stadium use on the weekend requiring 8000 RTh.  
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The AC alone is not able to meet the full 8000 RTh weekend cooling load demand for all 

months of the year and thus must be paired with two 500 RT conventional vapor-compression 

systems. The AC is able to meet an average of 83% of the total cooling load demand annually, 

with peak production seen in the hot season from March to June, and lowest production seen in 

the rainy season from July to August. The AC is able to offset approximately 1.2 million kWh of 

electricity per year.  A net present value payback period of approximately 13 years is 

determined, with cumulative net present value savings of 22,952,585 USD over the lifetime of 

the system (50 years).  

The life cycle assessment portion of this study evaluates the environmental impacts of the 

system during its production, transport, use, and disposal phases.  The objective of the life cycle 

assessment is to determine whether the avoided environmental impacts from the displaced 

electricity usage provided by the AC will be greater than the impacts necessary to produce, 

transport, and dispose of the system.  The impact categories considered are global warming, 

eutrophication, acidification, and abiotic resource depletion.   

The mass compositions of all system components are estimated from manufacturer’s 

specifications, correspondence with manufacturers, and extrapolations from comparable 

models.  Data for the raw materials extraction is obtained from various sources, including 

previous life cycle assessments and life cycle inventory databases.  The manufacturing impacts 

are assumed to be 30% of the raw materials extraction impacts.  This assumption is based on a 

common life cycle assessment practice used when reliable manufacturing data is 

unavailable.  An analysis is conducted to evaluate the sensitivity of the final results to this 

assumption.  Transportation emissions are modeled based on freight load and trip distance.  The 

transportation scenarios modeled include initial shipment of the system from China to Thailand, 

shipment of the replacement parts from China to Thailand, and disposal of the system and 

replacement parts to waste facilities near Bangkok.   

The disposal phase in this study assumes the recycling of all metal parts, the landfilling of 

non-hazardous materials that can’t be recycled, and the disposal of the LiBr solution at a 

hazardous waste facility.  There are assumed to be no emissions from landfilling and hazardous 

waste disposal because the waste materials consist of glass, mineral wool, polyurethane foam, 
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and LiBr solution, none of which degrade quickly or produce landfill leachates.  The recycling of 

the metals displaces the virgin production of metal.  For this reason, the raw materials phase is 

credited with the avoided environmental impacts gained through recycling.  This greatly 

decreases the impact potentials of this phase across all impact categories.  The sensitivity 

analysis considers the effect that the chosen disposal scenario has on the results of this study. 

The results of the life cycle assessment show that the solar cooling system offsets far 

more environmental impacts than it produces during its lifetime.  The avoided environmental 

burdens are from the electricity emissions that the system displaces during its use phase.  The 

solar cooling system’s avoided impacts are 88.7 times as large as the global warming potential 

impacts created through the production, transportation, and disposal of the system (the non-

operational phases of the life cycle).  The avoided environmental burden is 12.6 times as large as 

the environmental cost for acidification, 57 times as large for eutrophication, and 9.8 times as 

large for abiotic resource depletion.  

The net environmental impacts of the solar cooling system are negative, representing 

avoided environmental impacts.  The net environmental impacts are -41,863,617 kg CO2-eq. for 

global warming potential, -88,384 kg SO2-eq. for acidification potential, -27,589 kg N-eq.  for 

eutrophication potential , and  -46,883 kg Sb-eq for abiotic resource depletion potential. 

The sensitivity analysis shows that the disposal and manufacturing assumptions do have 

an effect on the overall life cycle impacts of the system.  However, the avoided environmental 

impacts are still far greater than the non-operational life cycle impacts for the alternative landfill 

disposal scenario and the different manufacturing scenarios.   

In the manufacturing part of the sensitivity analysis, the percentage of the raw materials 

extraction impacts that manufacturing represents is changed to 20% and 40%.  When the impacts 

from manufacturing are assumed to be 40% of the impacts from the extraction and processing of 

raw materials, the total non-operational impact potentials for all four impact categories increase 

from the baseline assumption of 30%. The global warming potential increases by 11.7%, the 

acidification potential increases by 21.5%, the eutrophication potential increases by 13.9%, and 

the abiotic resource depletion potential increases by 22.8%. When the manufacturing impacts are 
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assumed to equal 20% of the raw materials impacts, the non-operational impact potentials 

decrease by the same percentages that the 40% scenario increased by.  However, it is shown in a 

breakeven analysis that manufacturing impacts would have to be at least an order of magnitude 

higher than the raw materials impacts in order for the avoided environmental burdens to be 

negated by the non-operational life cycle impacts. 

By disposing of all salvageable metals and forfeiting the credits from avoided virgin 

production, the landfilling scenario causes the global warming potential from the production, 

transportation, and disposal of the solar cooling system to increase by approximately 64% from 

the baseline recycling scenario. In the landfilling scenario, the acidification potential increases by 

79.8%, the eutrophication potential increases by 69.5%, and the abiotic resource depletion 

potential increases by 80.9%. These results illustrate the considerable environmental returns of 

recycling material-intensive and energy-intensive products.  

 

Introduction 

More than 90% of the current electricity production in Thailand comes from the 

combustion of natural gas, lignite, anthracite, fuel oil, and diesel oil (1). Over 70% of the fossil 

fuel consumption is natural gas alone, and many Thai authorities are concerned over their 

nation’s heavy dependence on a single energy source. Approximately 7.5% of the remaining 

energy comes from hydropower, a controversial source of renewable energy with many 

ecological and social complications that could be argued to negate any of its enjoyed benefits. As 

the price and scarcity of fossil fuels increase globally, it is well within Thailand’s interests to 

continue to promote the use and development of truly renewable energy sources.  Solar cooling 

systems provide a means to do so. Solar energy, despite having a high installation and capital 

cost, requires no fuel, has relatively little maintenance and is able to pay for itself within the 

lifetime of the system. Although solar energy currently only contributes less than 1% of 

Thailand’s energy composition, its implementation is beginning to become more widespread (1). 

Today, cooling loads met by conventional electric air conditioning units account for 

approximately 60% of a building’s total energy (2). Therefore, the utilization of solar coolers to 

help meet cooling load demands can result in significant energy and emissions savings. 



  

8 

 

Absorption chilling technology has provided an effective alternative to vapor-

compression chillers for well over a century. Its utilization of low grade heat sources such as 

waste heat or solar energy to power the system makes it an ideal technology when faced with 

promoting renewable energy sources. In areas of abundant solar irradiance, such as Bangkok, 

Thailand, solar collectors can easily provide the thermal input needed to power an absorption 

chilling system. The total cooling capacity produced by a solar powered absorption chiller is 

directly dependent on solar radiation and is in phase with the cooling load demand (i.e. cooling 

capacity is highest at times of highest cooling load demand). For regions that experience high 

ambient temperatures and abundant solar irradiance year round, solar cooling systems enjoy 

highly significant benefits over other cooling systems. The 2012 World Cup Futsal Stadium 

(WCFS) being built in Bangkok, Thailand will implement such a system. 

The total cooling system in the 2012 WCFS will be composed of both a solar powered 

double effect absorption chiller (AC) of 159 refrigeration tons (RT) and two conventional vapor-

compression (VC) chillers of 500 RT. Use of the stadium during the World Cup Futsal 

tournament, and as a concert hall afterwards, is expected to only occur on weekends. The limited 

hours of cooling needed thus allows the absorption chiller to provide the majority of the cooling 

load demand. Cooling water will be produced throughout the course of the week days and will be 

stored in a large insulated tank for use on the weekend. The conventional chillers to be installed 

will compensate for any variation in solar radiation and ensure that the volume of chilled water 

in the storage tank is sufficient to meet the cooling load demand at the end of each week.  The 

economic savings of offset kWh required to produce the same cooling load via the conventional 

VC chillers will more than pay for the system within its lifetime. The economic, emissions and 

energy savings of the total 2012 WCFS system are modeled analytically from a Life Cycle 

Perspective within the following study. 

System Overview 

 The solar cooling system to be implemented in the WCFS will consist of compound 

parabolic concentrator evacuated tube solar collectors (CPC collectors) that transfer energy to a 

lithium bromide absorption chiller.  A hot water pump will transfer the hot water generated by 
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the solar collectors to a hot water tank, where it is stored and eventually fed into the absorption 

chiller. The hot water input from the CPC solar collector will power the AC phase changing 

process of refrigerant (H2O) and absorbent (lithium bromide; LiBr) that is responsible for heat 

extraction from water to be used in the air conditioning system. 

 

Solar Collectors 

Compound parabolic concentrator evacuated tube collectors are medium temperature 

solar collectors.  The specific model to be implemented in the stadium is the Linuo Paradigma 

1518.  These solar collectors contain compound parabolic concentrators (CPC) which reflect 

solar radiation onto the evacuated tube collectors above them.  The CPC mirror allows both 

direct and diffuse radiation to hit the absorber, increasing the efficiency of the collector (3).  The 

compound parabolic mirror is composed of two parabolic mirror segments with focal points on 

the opposite parabolic surface.  The geometries of the CPC mirrors allow for the acceptance of 

incident light over a large range of angles (4).  The shape of the parabolic segments is designed 

such that all of the incident solar radiation entering the mirror is able to be concentrated upwards 

towards the evacuated tube collectors through multiple internal reflections (4).  The evacuated 

tubes are the line focus of the CPC mirror, collecting the reflected energy (5).   

The evacuated tube collectors located above the CPC mirrors are the heat receivers.  

These tubes are able to transfer the solar energy from the mirrors to a heat transfer fluid that runs 

along the top of the collectors.  Each evacuated tube consists of an outer and an inner tube made 

from heat resistant borosilicate glass.  The outer tube is transparent and allows the passage of 

solar radiation, while the inner tube is coated with aluminum nitride that absorbs the solar 

radiation.  The space between the tubes is a vacuum, which insulates against the escape of energy 

absorbed by the inner tube.  Within the inner tube is a copper heat pipe, which contains a small 

amount of fluid, usually methanol, which undergoes an evaporation-condensation cycle.  The 

fluid evaporates because of the solar energy that hits the heat pipe.  Then the vapor rises to a 

manifold that runs along the top of the panel, where the heat is deposited to water that flows 

within the manifold.  The vapor condenses and falls back through the heat pipe.  The heated 
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water then flows through a heat exchanger that produces hot water which is pumped to the hot 

water tank for use in the absorption chiller.  (4)  

 

Absorption Chilling 

The technology of absorption chilling has existed for well over a century and consists of 

five major components: a heat source, generator, condenser, evaporator, and absorber. The 

evaporator is responsible for the extraction of heat from the water to be used in the air 

conditioning system, the absorber reabsorbs the vapor refrigerant (H2O) into the aqueous lithium 

bromide (LiBr) solution, and the generator and condenser regenerate the refrigerant. The low-

grade heat source provides the thermal energy input to power the system. Although the heat 

source can be provided by any form of low grade heat, solar radiation will be used within the 

WCFS system. 

The absorption chilling process begins when solar energy is transmitted to the absorption 

chiller by the CPC collector. The solar energy is transferred to the chiller by heated water, which 

evaporates the H2O refrigerant out of the weak LiBr solution in the generator and produces high-

pressure, high temperature refrigerant steam and strong LiBr solution. The refrigerant steam is 

passed into the condenser where heat is expelled and the refrigerant is reduced to a high-pressure 

liquid. The cooled liquid refrigerant passes through a thermal expansion valve, where its pressure 

is reduced to approximately 0.8 kPa and enters the evaporator at the low-pressure side of the 

system (6). Reducing the pressure of the liquid refrigerant lowers its boiling point to 

approximately 4-5 °C. Upon entering the evaporator, the low-pressure liquid refrigerant extracts 

heat from the air conditioning water and is subsequently vaporized, effectively reducing the 

temperature of the water to be used in the air conditioning system to approximately 4-5 °C. The 

chilled water is then stored in an insulated tank to be used on the weekend while the vaporized 

refrigerant is passed into the absorber. The vaporized refrigerant meets the strong LiBr solution 

leaving the generators in the absorber and heat is expelled, causing the LiBr to absorb the H2O 

and regenerate the weak LiBr-H2O solution to be re-used in the generators. The weak LiBr is 

then pumped through a series of heat exchangers to the generator. Strong LiBr leaving the 

generator passes through the same heat exchangers and preheats the weak solution, increasing 
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efficiencies in the generator. The heat removed from the condenser and absorber is extracted and 

expelled to the environment by cooling water from the cooling tower (6).  Figure 1 provides a 

diagram of the components and energy flows of the AC. 

 

 

Figure 1.  Components and energy flows of the AC. 

 

In a double-effect AC, as is to be installed in the 2012 WCFS, two generators are used to 

produce a larger volume of chilled water. The number of generators being powered depends on 

the input temperature of the thermal energy source. For the system to be implemented in the 

WCFS, a minimum thermal input threshold of 70 °C is needed to power the first generator and a 

minimum thermal input threshold of 100 °C is needed to power both. Given a 100 °C hot water 

input, refrigerant steam is evaporated out of the LiBr-H2O solution in the first generator and is 

passed through the second generator at a temperature greater than 70 °C, allowing it to generate 

additional refrigerant steam. Both the steam produced from the second generator and the steam 
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from the first generator meet in the condenser to be reduced to liquid refrigerant. Thus for a 

given input of heat, a larger volume of liquid refrigerant is produced, a larger amount of heat can 

be extracted from the air conditioning water, and a higher efficiency is achieved. If the hot water 

input is less than 100 °C but greater than 70 °C, only the first generator will run and the 

absorption chiller will be in single-effect mode. Although a double-effect absorption chiller is to 

be implemented in the 2012 WCFS, the cooling capacity is only modeled for a single-effect 

absorption chiller. Thus the total cooling capacity reported in this paper understates the true 

production of the chiller, and higher outputs should be expected. 

   

Section 1:  Modeling the Potential Output of the 

Solar Cooling System 

Overview  

 In this study, the potential AC output and electricity savings of the solar cooling system is 

modeled using Matlab.  The model inputs are climatic data.  The three inputs are ambient 

temperature, relative humidity, and solar irradiance.  The model results are compared with an 

estimate of weekly cooling load demand to evaluate the effectiveness of the solar cooling 

system.  The cooling demand is built on two assumptions.  It is assumed that there is 500 m
2
 of 

office space that will need to be cooled at 1 RT per 20 m
2
. The offices will be in use for 9 hours a 

day from the hours of 9:00 to 18:00, necessitating 1575 RTh of chilled water per week.  In 

addition, one weekly event is assumed to occur on the weekend and will consume 8000 RTh of 

chilled water, which is the full capacity of the chilled water tank.  Therefore, the weekly cooling 

demand is 9575 RTh. 

 In the case that the weekly cooling demand cannot be met by the solar cooling system, 

the electric chillers will be used.  This necessitates electricity use and the release of air emissions 

from electricity generation, called the supplementary electricity in this study.  In addition, the 

cooling system requires the use of one hot water pump, which consumes 5.5 kW of electricity 



  

13 

 

per hour of use.  The pump is assumed to be in use only for the hours when there is a hot water 

input temperature high enough (Thin ≥ 70 °C) to power the AC.  The pump’s electricity use must 

be subtracted from the electricity savings of the solar cooling system.   Equation 1 and  Equation 

2 summarize the calculation of net electricity savings of the solar cooling system and the 

supplementary electricity requirements. 

          

Equation 1. Net electricity savings, where: 

NES = Net electricity savings (kWh) 

MS = Modeled electricity savings (kWh) from Matlab program 

PE = Pump electricity use (kWh) 

 

The solar cooling system is used to cool the weekday office space as well as the weekend 

event.  The electricity that is used by the conventional chillers, called the supplementary 

electricity in this paper, is calculated by the equation below: 

   (       )        

Equation 2. Supplementary electricity, where: 

SE = supplementary electricity (kWh) 

OSD = office space demand (kWh), daily throughout the week  

WSD = weekend stadium demand (kWh) 

MS = modeled electricity savings (kWh) from Matlab program 

PE = pump electricity use (kWh) 

Climatic Data 

Climatic data over the course of 2006-2010 are obtained from the Bangkok 

Meteorological Department to be input into the cooling capacity production model. Hourly data 

for every day of the six year span is far too large of a data set to input directly into the Matlab 
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model. In order to make the data more manageable and to help account for variability, the 

averages of hourly ambient temperature, relative humidity and solar irradiance data are taken for 

each month of the year. The averages for each of the 12 months are then input into the Matlab 

model to determine an average day of monthly cooling capacity. Climatic data is highly variable 

at each of the hourly, daily, and monthly levels. The standard deviation (SD) and relative 

standard deviation (RSD), or standard deviation as a percent of the average, are used to assess 

the degree of variability within the data.  Equation 3 below is used to determine the RSD. 

     
(        )

(       )
 

Equation 3. Relative standard deviation, where: 

 RSD = Relative standard deviation 

 SD = Standard deviation 

 Average = Average climatic data value 

  

The relative standard deviation is a means of normalizing data set specific standard 

deviations and allows for the comparison of variability between the sets. The RSD and SD values 

for each of the seasons are reported in the appendix, but are discussed within this section to 

quantify variability. The climatic data is summarized by season – the dry season from November 

to February, the hot season from March to June, and the rainy season from July to October – 

within this section. In terms of average RSD, ambient temperature data shows the highest 

variability in the dry season, relative humidity shows the highest variability in the hot season, 

and solar irradiance shows the highest variability in the rainy season. Of the three climatic 

variables, the solar irradiance data show the highest overall variability. 

 

Ambient Temperature 

The ambient temperature data exhibit the least variability among the three climatic 

variables. The relative standard deviations fall below 10% for all three seasons and indicate 
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hourly consistency over the course of each season. The dry season consistently shows the highest 

relative standard deviations for the full day, as evidenced by the standard deviation error bars in . 

The rainy season reports the lowest average RSD at a value of 5.60%, followed by the hot season 

at a value of 6.35% and finally the dry season at a value of 7.90%. The rainy season yields the 

highest range of RSD at 3.20% while the hot season yields the lowest range of RSD at 2.91%. 

The range of RSD for the dry season falls between the rainy and hot season at 3.00%. Overall, 

variability is low for the ambient temperature data, and each day of the month’s ambient 

temperature is assumed to be the mean value. Figure 2 and Figure 3  exhibit the average hourly 

ambient temperature and standard deviations for each of the three seasons.  

 

 

Figure 2. Average ambient temperature and standard deviation error bars for the dry season. 
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Figure 3. Average ambient temperature and standard deviation error bars for the hot season. 

 

 

Figure 4. Average ambient temperature and standard deviation error bars for the rainy season. 
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Relative Humidity 

The relative humidity data exhibit slightly more variation than the ambient temperature 

data, but less variation than the solar irradiance data. The average RSD values for the three 

seasons are listed at 14.02%, 14.20% and 12.17% for the dry, hot and rainy seasons, respectively. 

The range of RSD for the hot season is the highest of all three seasons at a value of 16.98% and 

indicates that for relative humidity, the hot season has the highest variability. The dry season has 

the second highest range of RSD at 13.50%, followed by the rainy season with a range of RSD of 

10.05%. These average RSD and range of RSD values are higher than those of the ambient 

temperature data, and provide evidence that the relative humidity climatic data are more variable 

than ambient temperature data.  Figure 5, Figure 6, and Figure 7  exhibit the average hourly 

relative humidity and standard deviations for each of the three seasons. 

 

Figure 5. Average relative humidity and standard deviation error bars for the dry season. 
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Figure 6. Average relative humidity and standard deviation error bars for the hot season. 

 

Figure 7. Average relative humidity and standard deviation error bars for the rainy season. 

 

Solar Irradiance 

Of the three climatic variables, solar irradiance shows the highest variability. Only RSD 
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frame are hugely variable and skew the variability analyses. Average RSD values are reported at 

34.78%, 33.86% and 42.29% for the dry, hot and rainy seasons, respectively. The corresponding 

ranges of RSD for the dry, hot and rainy seasons are 35.00%, 8.77%, and 22.04%, respectively. 

The low range of RSD values for the hot season is explained by a lengthened period of solar 

irradiance. The high ranges of RSD for the dry and rainy season are primarily a result of high 

RSD values at hour 17:00, in which average solar irradiance drops significantly compared to the 

SD. Given the hot season’s extended period of solar irradiance, the average solar irradiance value 

is still high compared to the SD at hour 17:00 (39.02% for the hot season compared to 57.05% 

and 59.45% for the other two), and thus the RSD value here is significantly lower than that of the 

other two seasons. This results in the uncharacteristically small range of RSD for the hot season. 

Solar irradiance is the most variable of the three climatic data inputs, by nature, and the variation 

reported here is assumed to be representative of natural climatic variation. Figure 8, Figure 9, 

and Figure 10 exhibit the average hourly solar irradiance and standard deviation error bars for 

each of the three seasons. 

 

Figure 8. Average solar irradiance and standard deviation bars for the dry season. 
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Figure 9. Average solar irradiance and standard deviation bars for the hot season. 

 

Figure 10. Average solar irradiance and standard deviation error bars for the rainy season. 
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connections can create missing solar irradiance measurements that skew the data.  Solar radiation 

sensors give values with a 2% range of error. Although the suspected outliers do not fall outside 

of the 3 standard deviations rule of thumb, they are assumed to indeed be so because of the 

general variability of the data (resulting in high standard deviations), the degree to which they 

skew the averaged data, and the aforementioned knowledge of collection systems’ limitations.  

Data from the following five months are deemed to be outliers: January 2008, March 2008, June 

2010, July 2008 and October 2007. Data from these five months are either consistently and 

uncharacteristically lower than the data from the other 5 years, or contain large lapses of data for 

weeks at a time with the data that does exist being distinctly and consistently lower than 

characteristic values. To maintain methodological consistency, the entire month is removed for 

any large span of data that is in question. In the case that a time span of a day or two in the midst 

of characteristic data displays uncharacteristic solar radiation values, the data is kept on the basis 

that there is not enough significant evidence to assume the data is misreported or an outlier. 

Hourly and short term variation in solar irradiance is assumed to be due to cloud cover. Variation 

between month-to-month data is small. The average monthly solar irradiance values are assumed 

to be representative of true climatic data. 

 

Summary 

The variability seen in the averaged data is representative of natural climatic variability. 

The ambient temperature is marked by the smallest amount of day to day variation, followed by 

relative humidity and finally solar irradiance. Peak RSD values for solar irradiance occurred at 

hour 17:00 for all three seasons, the last hour of the used time span, and is indicative of the high 

hour-to-hour variation found in the solar radiation data. Despite the high variation, all of the data 

coincides with characteristic values for Bangkok and has been assessed for outlying, 

uncharacteristic data. Average monthly values were input into the Matlab model, but seasonal 

averages and variations are shown within this section. Month-to-month variation is small and the 

seasonal data is representative of the monthly averages. The averaged data inputs are thus 

assumed to be accurate representations of climatic data for Bangkok, Thailand and the climatic 
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data for each day of the month is assumed as the averaged values. The standard deviations and 

relative standard deviations of each season are reported in the appendix.  

Modeling 

A Matlab model to determine the total kWh of cooling capacity production given inputs 

of average ambient temperature, relative humidity, and solar irradiance is developed. The energy 

balance at the solar collector is described by Equation 4. 

    (      )    [    [
     
 

]     [
     
 

]
 

] 

Equation 4. Energy balance at the solar collector, where: 

ṁh = Flow rate of the heated water  

cw = Specific heat of the heated water 

Tf = Temperature of fluid 

Thi = Hot water input temperature 

A = Solar collector area 

E = Solar irradiance 

η = Solar collector efficiency 

a1 = 0.89; solar collector parameter 

a2 = 0.001; solar collector parameter 

Ta = Ambient temperature 

 

The thermal energy transferred from the CPC collector to the AC by the hot water input 

equals the heat from solar radiation absorbed by the collector. Letting x = Tf - Ta,  can be reduced 

to the form of ax
2
 + bx + c = 0 and the quadratic formula can be used to yield variable x. 

Variable x is the difference between the fluid temperature and the ambient temperature and 
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represents the amount of thermal energy absorbed by the water in the solar collector. The sum of 

the ambient temperature and the solution x gives the value of Thi, the hot water input temperature 

for the absorption chiller. The cooling capacity potential of the absorption chiller is directly 

dependent on the hot water input temperature, and thus the cooling capacity can then be 

determined by Equation 5. 

         (  )        (      )        (        ) 

Equation 5. Cooling capacity of absorption chiller in kW, where: 

 Qr = Cooling capacity of absorption chiller in kW 

 Cw = Specific heat of heating water (100 C°) 

 Thi = Hot water input temperature 

 Tw = Wetbulb temperature 

 CT = Incremental temperature of cooling water above Tw 

The hot water input threshold limitations of the absorption chiller are accounted for in the 

model. For a given Thi value ≥ 70 °C, the thermal input value is large enough to power the chiller 

and a cooling capacity of Qr kW for that hour is produced. Heat is extracted from the hot water 

input to power the generator and leaves the chiller at a reduced temperature Tho. The hot water 

output at Tho is subsequently re-circulated through the solar collector to produce a new hot water 

input at Thi, and the cycle repeats.  The heat removed from the hot water input is determined by 

Equation 6. 

         (  )        (      )    (        ) 

Equation 6. Heat removed from hot water input, where: 

 Qh = Heat removed by hot water (kW) 

 Cw = Specific heat of heating water (100 C°) 

 Thi = Hot water input temperature 

 Tw = Wetbulb temperature of ambient air 

 CT = Incremental temperature of cooling water above Tw 
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Equation 7 yields the corresponding hot water output temperature of the absorption 

chiller given Qh kW of heat extraction. 

        (
  
    

) 

Equation 7. Hot water output temperature of the absorption chiller, where: 

 Tho = Hot water output temperature 

 Thi = Hot water input temperature 

 Qh = Heat removed by hot water (kW) 

 Cw = Specific heat of heating water (100 C°)  

 mh = Flow rate of the heating water ?? 

 

For a given Thi value < 70 °C the hot water input has not absorbed enough solar radiation 

to generate refrigerant vapor and is cycled through the solar collector an additional time. In this 

case, the Thi value of a given hour becomes the new Tho value for the next hour of solar radiation. 

The new Tho value will then typically receive enough solar radiation to meet the hot water input 

threshold for that given hour. If the incident solar radiation is not great enough to meet the 

threshold after the second hour (i.e. early morning or late evening), the hot water will continue to 

cycle through the solar collector until it is able to be used. A hot water storage tank is attached to 

the cycle of hot water through the solar collector/absorption chiller (see  below) and will store 

solar heated water over night. For the first hour of solar radiation of any given day, the initial Tho 

value to be heated via the solar collector is the Tho value of the last hour of solar radiation for the 

previous day. 
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Figure 11. Solar collector, absorption chiller and pressurized hot water storage tank. 

Inputting the averaged climatic data into the Matlab model yields the cooling capacity 

production in kW and RT. The cooling capacity as a proportion of the functional unit (9575 RTh 

per week of cooling load demand) is assessed to determine economic and emission related merits 

of the system. 

Results 

Simulation 

The modeled weekly use-phase scenario assumes 7 days of absorption chiller cooling 

capacity production to be used on Saturday evening at 100% cooling load demand. The chilled 

water storage tank has a refrigeration capacity of 8000 RTh and should be sufficient to cool the 

stadium at 100% cooling load demand for 10 full hours, the maximum intended use of the area. 

The stadium contains administrative offices of approximately 500 m
2
 that require daily cooling 

between the hours of 9:00-18:00. A nominal value of one RTh per 20 m
2 
of office space is 

assumed to be required to cool the administrative areas and is taken immediately from the 

absorption chiller production. Any remaining chilled water production is assumed to be stored in 

the chilled water storage tank to be used on Saturday. 
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Absorption Chiller Production 

Given the averaged climatic data inputs, and the immediate consumption of 25 RTh per 

hour of office operation, the absorption chiller is able to produce more than 50% of the weekend 

cooling load demand for all 12 months of the year. The average weekly cooling capacity 

production to be stored for use on Saturday (after consumption of 1575 RTh for office cooling) is 

shown for each month in  

Table 1.  

 AC RTh AC kWh VC RTh VC kWh % Met by AC 

January 7,044.28 24,773.71 955.72 3,361.11 0.88 

February 6,762.87 23,784.02 1,237.13 4,350.80 0.85 

March 6,660.08 23,422.51 1,339.92 4,712.31 0.83 

April 8,853.78 28,134.82 0 0 1.00 

May 7,709.50 27,113.17 290.50 1,021.65 0.96 

June 7,734.33 27,200.52 265.67 9,34.31 0.97 

July 4,256.83 14,970.64 3,743.17 1,3164.18 0.53 

August 6,617.43 23,272.53 1,382.57 4,862.29 0.83 

September 5,460.57 19,204.01 2,539.43 8,930.81 0.68 

October 5,504.80 19,359.58 2,495.20 8,775.24 0.69 

November 6,910.88 24,304.56 1,089.12 3,830.26 0.86 

December 5,817.97 20,460.94 2,182.03 7,673.88 0.73 

 

Table 1. Average weekly cooling capacity created and stored by the absorption chiller.  The 

absorption chiller production in RTh (AC RTh) and kWh (AC kWh) is reported, as well as the 

supplementary electricity required by the conventional chiller in RTh (VC RTh) and kWh (VC 

kWh). 
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As the table shows, the absorption chiller is able to provide, on average, approximately 

82% of the weekly cooling demand. Peak production is seen in the hot season and lowest 

production is seen in the rainy season. These conclusions are consistent with expected results. 

The month of July experiences the lowest cooling capacity production, at a value of only 

4,256.83 RTh and the month of April experiences the highest cooling capacity production at 

8,853.78 RTh. The production of the absorption chiller in April is greater than the total weekly 

cooling load demand. Because the tank only has a storage capacity of 8000 RTh given a use-

phase scenario of one event per week, only 8000 RTh of cooling capacity production is assumed 

to be stored. In the case that the use-phase scenario is changed to two events per week, i.e. once 

on Saturday evening and once on Sunday evening, these additional RTh could be stored and 

consumed. For the present model, only the 8000 RTh are accounted for and the weekly 

supplemental cooling required by the VC is determined to be zero.   Figure 12 shows the average 

weekly absorption chilling production as a percent of the total weekly cooling load demand for 

the year. 

 

 

Figure 12. Percentage of the cooling demand met by the cooling capacity provided by absorption 

chiller. 
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Only the production of the single effect absorption chiller is modeled in this study. Hot 

water input temperatures (Thin) of greater than 100 C° are sufficient to power both the single and 

double effect generators. Given the averaged climatic data inputs, two hours for the output of a 

day in the month of March exceeded 100 C°. Thus for the month of March, a cooling capacity 

production greater than that of the reported value is to be expected. The averaged climatic data 

clearly reduces extreme data and causes the model to underestimate the hours per year that a Thin 

value of greater than 100 C° is produced. For the duration of the hot season, it is likely that the 

additional production by the double effect chiller would be more significant than the reduction in 

production of days without sufficient solar irradiance to power the chiller, and would result in the 

absorption chiller coming closer to meeting the full 8000 RTh weekend demand. 

A total yearly production of approximately 340,639 RTh is yielded for the averaged 

climatic data inputs. This equates to an approximate total of 1,197,977 kWh offset by the 

absorption chiller per year. The solar collector hot water pump has a power rating of 5.5 kW and 

requires an annual total of 13,877 kWh to run during the hours when the AC is working. The 

electricity required to power the two canned motor LiBr solution pumps within the AC is 

negligible. The modeled system thus offsets a total of 1,184,100 kWh per annum. The economic 

and emission related merits of this offset electricity consumption over the lifetime of the stadium 

(assumed to be 50 years) are analyzed in the following sections. 

 

Economics 

Economic benefits are often the deciding factor when faced with the decision of 

implementing renewable energy based technologies. Renewable energy based technologies are 

typically characterized by high initial capital costs, a payback period of variable length, and 

significant long-term savings. As future fossil fuel reserves become depleted and conventional 

electricity prices increase, making initial investments in renewable energy technologies today 

can result in high future economic returns. The economic benefits of the solar cooling system to 

be implemented in the 2012 WCFS are significant and are discussed within the following 

section. 
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  The full solar cooling system is comprised of 12 parts. The absorption chiller costs 

approximately 120,000 USD while the medium temperature solar collector and associated parts 

cost 771,125 USD. Installation, transportation, and testing and commissioning fees are quoted at 

188,547 USD, but are over-quoted and are negotiable. It is likely that the actual installation, 

transportation, testing and commissioning fees will be significantly less than the values listed 

here and will result in a lower initial capital cost. The overestimated values are used in the 

following modeling as a means of providing safe economic estimates.  Table 2 lists the costs of 

the system components below. 

 Equipment Unit Price 
(USD) 

Quantity Total 
(USD) 

1 M-T Solar Collector 301 2000 602,000 

2 Collector Brackets and Fixing Attachment 16 2000 32,000 

3 Hot Water Storage Tank 39,680 1 39,680 

4 Hot Water Pump 8,730 1 8,730 

5 Pipes (Including pipes, insulation, valves, 

etc.) 

38,095 1 38,095 

6 Expansion Tank 3,330 4 13,320 

7 Control System 28,570 1 28,570 

8 Absorption Chiller 120,000 1 120,000 

9 Installation Supervision Fee 31,746  31,746 

10 Testing and Commissioning 31,746  31,746 

11 Design Fee 79,365  79,365 

12 Delivery and Transportation 45,690  45,690 

Total    1,070,942 

Table 2. Component cost of solar cooling system. 

To assess the economic merits of the absorption cooling system, the net present value 

(NPV) of the system is determined. Net present value is a widespread economic tool used to 
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determine future values of a system in terms of today’s currency. The NPV of a system is 

calculated by Equation 8. 

     ∑
(   )

(   ) 

 

   

 

Equation 8. Net present value, where: 

NPV = Net Present Value 

t = Term 

R = Revenue (savings) 

C = Cost of system 

d = Discount rate 

 

For solar cooling systems, in which no actual revenue is realized, the savings from offset 

electricity consumption are considered to be revenue. The cost of the system (C) includes the 

initial capital costs of installation for the first term (t = 0), and any additional yearly maintenance 

and operational costs. An annual operational and maintenance cost of 8,754 USD is determined 

for the annual replacement of the hot water pump and general maintenance costs. The hot water 

storage tank, the 4 expansion tanks, and the CPC collector tubes have a lifetime of 10 years and 

thus are to be replaced four times within the lifetime of the chiller. Transportation of these 

replacement parts is estimated based on the transportation costs in the initial capital costs. 

Transportation of the initial system components is approximately 4% of the total system cost and 

thus a transportation cost estimate of 5% of the total replacement parts cost is assumed as a safe 

estimate of replacement part transportation costs. The 10 year replacement costs, including 

transportation, are determined to be 98,394 USD and are added to the annual operation and 

maintenance costs for the appropriate years. The total operation and maintenance cost of the 

system equates to approximately 2.3% of the initial capital investment and coincides with 

literature values of around 1-3%, where the operation and maintenance costs increase as the size 
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of the system decreases (7). The initial capital cost of the system is determined to be 1,070,942 

USD.  

Electricity price increases are estimated using a method detailed by the National Institute 

of Development Administration (NIDA) in Bangkok (8).  To develop this method, NIDA 

linearized peak electricity prices from the years 1992-2003. It is assumed that the stadium will 

purchase medium general service electricity from the Metropolitan Electricity Authority which 

supplies Bangkok with electricity.  According to NIDA, the price of peak electricity has 

increased by 0.1071 baht per year since 1991.  For this study, the price of 2012 peak electricity is 

used as the base price.  It is assumed that there will be a similar 0.1071 baht increase in peak 

electricity price every year for fifty years until the end of the stadium’s lifetime.  The forecast of 

off-peak electricity prices is estimated from the peak prices by applying the percentage of the 

2012 peak price (3.7731 baht) that the 2012 off-peak price (2.2695 baht) represents to the peak 

price forecast.  By this reasoning, the off peak price predictions are determined to be 60.8% of 

the peak price predictions.  

 Figure 13 shows the NPV for the solar cooling system over 50 years, the assumed 

lifetime of the chiller. 

 

Figure 13. NPV trend for different discount rates. 
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A discount rate of 4% is used for the final analysis, but to show NPV dependence on 

discount rates,  reports the system NPV for discount rates of 3.5% and 4.5% as well. The 

discount rate does not significantly affect the payback period, but does significantly affect the 

cumulative lifetime NPV. An investment payback period for all three discounts rates is evaluated 

at approximately 13 years for the AC system. A cumulative lifetime savings of approximately 

22,952,585 USD is determined for a 4% discount rate. The 3.5% discount rate yields a higher 

total savings of approximately 27,198,053 USD, while the 4.5% discount rate yields a lower total 

savings of approximately 19,427,011 USD.  Table 3 summarizes the revenue and NPV at 3 

different discount rates for the lifetime of the chiller. 

Term Year Revenue (USD) NPV (4%) NPV (3.5%) NPV (4.5%) 

0 2012 86,752 -994,953 -994,953 -994,953 

5 2017 99,064 -475,134 -486,722 -463,875 

10 2022 111,377 -133,778 -140,383 -127,513 

15 2027 123,689 189,889 204,124 176,708 

20 2032 136,001 385,716 424,744 350,436 

25 2037 148,314 565,781 638,223 501,850 

30 2042 160,626 658,129 760,502 569,931 

35 2047 172,938 740,182 876,180 625,800 

40 2052 185,251 764,471 927,002 631,020 

45 2057 197,563 784,023 973,898 631,824 

50 2062 209,875 781,033 993,845 614,500 

Table 3. Revenue and NPV for different discount rates. 

 As shown in Table 3 , the CPC solar collector comprises the bulk majority of the capital 

costs. The CPC solar collector to be implemented in the WCFS is designed at 2000 m
2
. The solar 

cooling system design purposely oversizes the solar collector area to ensure that sufficient solar 

irradiance to power the absorption chiller will be captured. Previous case studies have shown that 

designs that undersize the solar thermal collector to save on capital costs often fail because of 
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insufficient thermal power inputs. The production and economic savings from systems that 

implement solar collectors of 1500 m
2
 and 1000 m

2
 are modeled and compared to the proposed 

system.  Figure 14 below shows the net present value for each of these three solar cooling 

systems. 

 

Figure 14. Net present values for systems of different CPC collector sizes. 

Figure 14 shows the NPV for three different solar cooling systems with CPC collector 
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2
. The 1500 m

2
 CPC collector system’s payback period is shorter 
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final net present value at year 50. The cumulative NPV of the 2000 m
2
 system is approximated at 
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2
 system approximated at 
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2
 has a payback period of approximately 14 years, a 

cumulative NPV of approximately 13,431,397 USD, and is clearly undersized when compared 

with the 1500 and 2000 m
2
 CPC collector systems. The difference between the 1500 and 2000 

m
2
 systems seems negligible until the additional electricity required to meet the full cooling load 

demand of 8000 RTh is considered. The system of 2000 m
2
 provides an annual average of 1.83 

additional hours of absorption chiller production per day than that of the 1500 m
2
 system. At the 

end of the week, this results in a significantly higher proportion of the full cooling load demand 

being met. April is the only month in which the solar cooling system will meet the full load, and 
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thus additional electricity is needed to cool the stadium for weekend use. In the case of the 1500 

m
2
 system, this additional cost of electricity is significantly higher than that of the 2000 m

2
 

system. To meet the full 8000 RTh demand with the 2000 m
2
 system, an additional NPV 76,394 

USD of EGAT grid electricity is required. The 1500 m
2
 system requires an additional NPV 

267,925 USD of EGAT grid electricity to meet the full demand, approximately 2.36 times the 

amount of the 2000 m
2
 system. These economic values seem small but are representative of the 

2000 m
2
 system saving an additional 19,751,474 lifetime kWh more than the 1500 m

2
 system. 

This savings in emissions easily offsets the emissions associated with manufacturing the 

additional 500 m
2
 of solar collector apparatus, and greatly reduces future grid electricity 

dependence. A total of 15,951,830 MJ of fossil fuels is required to produce the additional 500 m
2
 

of CPC collector panels while the avoided electricity consumption is equivalent to 71,105,306 

MJ of fossil fuels, approximately 4.46 times the production fossil fuel requirement. Thus, it is 

safe to conclude that the oversized solar collecting system of 2000 m
2
 offsets additional kWh 

consumption, produces greater cooling production over longer periods of the day, and does not 

differ significantly in terms of system NPV from a system with a 1500 m
2
 solar collecting 

system. 

 

Emissions 

The avoided emissions are found by multiplying the kWh of electrical energy saved by 

the absorption chiller by the emission factors listed in below.  When the solar cooling system 

cannot meet the total cooling demand of the stadium, the electric chillers will run, consuming 

electricity and generating emissions.  The air emissions associated with electricity generation in 

Thailand are determined using emission factors from a study by King Mongkut’s University of 

Technology Thonburi (9).  In that study, on-site emissions data were taken from fossil fuel plants 

in Thailand and locally derived emissions factors were developed according to plant 

characteristics.  These emissions factors were applied to the network of Thai power plants to 

produce an average mass of air emissions per kilowatt-hour generated for the Thai grid.  The 

emissions factors provided by the study are in Table 4 below. 
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Emission 
Type 

Emission Factor 
(g/kWh) 

CO2 563.52 

NOx 1.26 

SO2 0.41 

Table 4.  The emissions factors used in this study to determine the avoided emissions saved by 

the solar cooling system. 

 

 Figure 15 compares the avoided emissions with the emissions from generating electricity 

to meet the rest of the stadium’s cooling demand. 

 

 

Figure 15.  Annual emissions avoided by the solar cooling system compared to those created by 

additional electricity used to meet cooling demand.   
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Section 2:  Life Cycle Assessment of the Solar 

Cooling System 

Methodology 

Rationale 

When deciding whether or not to invest in renewable energy technology, people often 

perform economic analyses to determine if the equipment will pay for itself over its lifetime and 

provide enough of a monetary incentive to encourage its implementation. However, the ability of 

a renewable energy system to offset the environmental burdens associated with its production, 

implementation, and disposal often go unexamined. The likelihood that a renewable energy 

system will yield major returns on its “environmental investment” is an important consideration 

during this initial planning stage, especially for systems with high resource requirements or short 

lifespans. Since the solar-powered absorption chilling system is constructed from a large amount 

of energy-intensive materials, a life cycle assessment is conducted to determine if the AC system 

would be able to repay the environmental investments associated with its implementation and 

generate considerable environmental gains.  

Life cycle assessment is the tool chosen to perform this examination because it involves 

the quantification of all the material requirements, energy demands, and emissions of a product 

throughout its life cycle. This thorough approach to examining the cumulative impacts of a 

product reveals the environmental burdens that are usually overlooked in most other kinds of 

feasibility studies.  

 

Goal and Scope 

The aim of this life cycle assessment is to analyze the environmental impacts, resource 

requirements, and energy requirements of producing, transporting, operating, and disposing of 

the 2012 WCFS proposed lithium bromide absorption chiller system. In order to determine the 

overall mitigation potential of the absorption chiller system, the burdens resulting from the 
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production and disposal of the system will be compared to the avoided environmental impacts 

from the offset electricity generated during the use phase. 

 The results of this life cycle assessment can be used to evaluate the environmental 

benefits of installing solar-powered absorption chilling systems in Southeast Asia and regions 

with similar climates and levels of solar radiation. The results cannot be used to assess the merits 

of the specific models examined in this study or make judgments about their manufacturers. The 

findings of this analysis are intended to be communicated to the Bangkok Metropolitan 

Authority (BMA) and other potential consumers of solar-powered absorption chilling 

technology. 

 

Approach 

The methodological framework of this life cycle assessment is based on the principles of 

ISO 14044. The two main stages of the life cycle assessment are the inventory analysis and the 

environmental impact assessment. During the inventory analysis, the inputs and outputs 

associated with each stage in the life cycle of the solar cooling system are determined. The 

environmental impact assessment aggregates the emissions and resource requirements from the 

inventory analysis into impact categories using equivalency factors derived for benchmark 

pollutants. This study considers four impact categories for the lifetime of the chiller, including: 

global warming potential, acidification potential, eutrophication potential and abiotic resource 

depletion potential. These four impact categories are chosen because they are the most relevant 

to the major emissions and resource requirements in the inventory analysis. The environmental 

impact assessment is conducted using equivalency factors derived in Henrik Wenzel's 

Environmental Assessment of Products and the New Dutch LCA Handbook.  

 

System Boundaries 

 This study is conducted as a cradle-to-grave examination of the life cycle of a solar-

powered lithium bromide absorption chilling system. The emissions, environmental impacts, 
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resource requirements, and energy requirements for transportation during each phase of the life 

cycle are included in the analysis. The end-of-life treatment of the system is included in this life 

cycle assessment. Two disposal scenarios are modeled for the chiller system, including: 1) the 

recycling of metals, the landfilling of materials that can’t be recycled, and the separate disposal 

of hazardous waste and 2) 100% landfilling of non-hazardous waste material, to determine the 

effects of different disposal scenarios on the results.  

The capital goods and infrastructure utilized over the lifecycle of the absorption chiller 

system are used to extract, process, manufacture, transport, and dispose of a multitude of 

products and materials with distinctive, unrelated lifecycles. If the environmental burdens 

associated with generating these capital goods were allocated amongst the different products they 

came in contact with, they would be negligible in each individual lifecycle. Therefore, the 

impacts associated with capital goods are excluded from this inventory analysis. 

 The extraction and processing of raw materials and the manufacturing of each component 

are assumed to occur in China.  Therefore, the emissions resulting from the energy usage during 

these two phases of the lifecycle are modeled based on the Chinese electricity mix. The 

transportation of the finished components is assumed to occur between Jinan, China and 

Bangkok, Thailand (with intermediate steps in each country). The use phase of the life cycle 

occurs in Bangkok, Thailand. The results of the mathematical modeling in this study are valid 

only in Bangkok, since site-specific climatic data are used to model the potential output of the 

absorption chiller. Nevertheless, the model can easily be adjusted for validity in different regions 

if given other climatic data inputs of ambient temperature, relative humidity, and solar 

irradiance. The results of the emissions savings analysis are only valid in Thailand, since the 

emission factors used are derived specifically for the Thai electricity grid mix. However, the 

overall results of the life cycle assessment would presumably be applicable to Southeast Asia and 

regions with similar climates and amounts of solar radiation. 

 The lifetime of the lithium bromide absorption chiller and the temporal boundaries of the 

study are based on the expected operating period of the stadium, which is 50 years. 
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Functional Unit 

 The functional unit of this study is the generation of 9,575 refrigeration ton hours (RTh) 

of chilled water per week for 50 years. The reference flow required to fulfill this functional unit 

includes the components unique to the absorption chiller system and the replacements for parts 

with a lifetime shorter than 50 years. These components are as follows: one lithium bromide 

absorption chiller with a capacity of 159 RT, five 20 m
3 

hot water storage tanks, fifty hot water 

pumps, 2000 m
2 

of evacuated tube collectors, twenty 1 m
3
 expansion tanks, and five sets of 

replacement evacuated tubes.  

 

Allocation Procedures 

 The metals used to construct the absorption chiller system (including aluminum, copper, 

cast iron, low-alloyed steel and 304 grade stainless steel) are all highly recyclable and are likely 

to be re-used at the end of the system’s lifetime. Therefore, it is assumed that the constituent 

metals will enter an open-loop recycling scheme once the components of the absorption chiller 

system are disposed of. Open-loop recycling is a process that involves converting materials from 

one or more products into a new item at the end of the original product’s lifecycle. According to 

ISO 14044, re-using materials through open-loop recycling creates the need to allocate the 

burdens of extracting and processing these materials amongst the different product lifecycles 

(10). 

 To avoid allocating the burdens of materials acquisition, the system boundaries of the 

study are expanded to include the end-of-life recycling of aluminum, copper, cast iron, low-

alloyed steel and 304-grade stainless steel. These recycled metals will go on to substitute metal 

derived from virgin production. In turn, the extraction/processing stage of the chiller system’s 

lifecycle receives credit for the offset environmental burdens of virgin metal production based on 

the estimated recovery rates of the metals. 
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Flowchart of the Life Cycle of the Absorption Chiller System 

 

Figure 16. Schematic of the system boundaries of this life cycle assessment.  

 

 The extraction and processing phase of the raw materials included in all components is 

taken into account in this LCA, except where data is not available.  Hydrobromic acid production 

is not considered in this study due to lack of inventory data. The mass of hydrobromic acid 

required to meet the functional unit is 465.83 kg, whereas the overall mass of the system 

(including replacement parts) is 104,647.11 kg. Since hydrobromic acid represents just 0.45% of 

the overall mass of raw materials, it can be excluded from the study on the basis of negligible 

mass. 
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Life Cycle Inventory 

Materials Composition Analysis 

 The first stage in the life cycle inventory involves determining the materials composition 

of each component in the absorption chiller system. To accomplish this, data on the specific 

models being implemented in the chiller system are collected. However, much of this product-

specific data from manufacturers is unavailable or confidential. The gaps left by this unattainable 

data are filled in with information from comparable models, literature values, mathematical 

estimations, and stoichiometric evaluations of the solutions in the system. Once the material 

requirements are established, the inputs and outputs for the extraction and processing of raw 

materials are determined using inventory data from life cycle analysis databases and metals 

associations. The burdens associated with transportation during the extraction/processing stage 

are embedded in the data for this phase of the Life Cycle Analysis. The data sources for the life 

cycle inventory of the extraction and processing stage and the recycling stage are shown in Table 

28 of the appendix. 

 

Lithium Bromide Absorption Chiller 

The specific model that will be implemented in the Bangkok Futsal Stadium is the 

RXZ(105/85)-56DH2M2 hot water-operated Lithium Bromide Absorption Chiller from 

Shuangliang Eco-Energy Co. The chiller has a relatively simple design, with no moving parts 

except for two small canned-motor pumps for circulating the refrigerant and lithium bromide 

solution. According to the manufacturer, the evaporator, condenser, absorber, and generator are 

all composed of copper heat transfer tubes and the outside frame is made of low-alloyed steel. 

The total mass of the chiller (before adding the refrigerant and lithium bromide solution) is 

obtained from the chiller’s specification brochure. However, the manufacturer is unable to 

provide the masses of the two metals that compose the apparatus.  

In a study conducted for North China Electric Power University in Baoding, China, Xue-

dong Zhang calculates the mass of copper tubing in a 35 kW lithium bromide absorption chiller 

(11). The ratio of copper tubing to low-alloyed steel in a typical absorption chiller is found by 
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comparing the mass of the copper tubing in Zhang’s study to the total mass of the 35 kW WFC-

SC10 water-fired absorption chiller from Yakazi Energy Systems, Inc. This ratio is then 

multiplied by the total mass of the stadium’s absorption chiller to find the weight of each 

material in the chiller, as listed in Table 5. 

Material Application Mass (kg) 

Low-Alloyed Steel Outer Plating 4914.62 

Copper  Internal Piping 2185.38 

 Total Mass 7100 

Table 5.  Materials Composition of Lithium Bromide Absorption Chiller  

  

The lithium bromide solution used in the absorption chiller is created by reacting lithium 

hydroxide [produced by hydrating mined lithium carbonate (Li2CO3)] with hydrobromic acid 

(HBr) (12). In the presence of water, lithium hydroxide and hydrobromic acid precipitate lithium 

bromide (LiBr) as a salt (13). This reaction is depicted in the chemical equation below. 

                      

Equation 9. Chemical Reaction to Produce LiBr Solution  

  

According to a quote from the manufacturer, 1000 kg of lithium bromide solution is 

required to run the absorption chiller. The relative amounts of lithium hydroxide and 

hydrobromic acid necessary to produce the lithium bromide solution are determined using 

stoichiometry. Life cycle inventory data is not available for hydrobromic acid, so the 

environmental burdens from the extraction and processing of the materials that produce 

hydrobromic acid are not included in this life cycle assessment. 

 The lithium bromide solution is extremely corrosive to the metallic construction materials 

of the absorption chiller. If the solution becomes contaminated with the products of corrosion, it 
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will clog the absorber-refrigerant solution distribution system, and the lubricating and cooling 

piping for the pumps. In turn, the performance and lifecycle of the absorption chiller will be 

impaired. In order to prevent corrosion within the chiller, an inhibitor should be added to the 

solution and the pH of the solution should be kept between 9 and 10.5.  For this study, it is 

assumed that a sodium molybdate (Na2MoO4) based corrosion inhibitor will be added to the 

lithium bromide solution before the operation of the chiller. The corrosion inhibitor considered in 

this study is EnviroAqua’s CL5080 Molybdenum Based Corrosion Inhibitor. The only 

constituent materials specified on the materials safety data sheet for the corrosion inhibitor are 

sodium molybdate and sodium nitrite. The remaining materials are described as proprietary, non-

hazardous, or present in trace amounts. 

 Sodium nitrite is produced by reacting sodium hydroxide (NaOH) with nitrogen dioxide 

(NO2) and nitric oxide (NO) (14). This reaction is depicted in the chemical equation below. 

                                  

Equation 10. Chemical Reaction to Produce Sodium Nitrite 

 The overall mass of the required corrosion inhibitor is determined using dosage 

specifications from the product data sheet. Stoichiometry is used to determine the mass of 

sodium hydroxide required to produce the corrosion inhibitor. The materials composition of the 

lithium bromide solution is listed in Table 6. 

Material Application Mass (kg) 

Lithium Hydroxide LiBr Solution 137.89 

Sodium Molybdate LiBr Solution 2.44 

Sodium Hydroxide Corrosion Inhibitor 3.07 

 Total Mass 143.40 

Table 6.  Materials composition of lithium bromide solution (with corrosion inhibitor) 
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CPC Collectors 

The solar collectors used in the system are compound parabolic concentrator evacuated 

tube collectors.  The specific model is the Linuo Paradigma 1518.  Only the evacuated tubes 

must be changed every ten years.  The materials composition of the evacuated tube collectors is 

estimated using product details and two previous studies of evacuated tube collectors (15) (16).  

The studies include mass compositions of evacuated tube collectors of varying sizes.  The 

specific model being implemented in the stadium consists of eighteen evacuated tubes per panel.  

The evacuated tubes consist of borosilicate glass, while copper heat pipes act as the heat 

exchangers within the tubes.  Mineral wool insulation is also present in the evacuated tubes.  The 

manifold on which the evacuated tubes are mounted is aluminum, as well as the support 

apparatus used to hold up the solar panel.  The parabolic mirrors underneath the tubes are also 

assumed to be made from polished aluminum.  The solar collectors usually contain propylene 

glycol solution, a type of antifreeze, as a heat transfer liquid.  However, because of Thailand’s 

tropical climate, water is substituted as the heat transfer liquid for the stadium collectors.  Table 

7 shows the mass composition of the CPC collectors. 

Material Component Mass (kg) 

Aluminum Manifold, CPC Mirrors, Frame 30.27 

Borosilicate 
Glass 

Evacuated Tube 4.53 

Copper Heat Pipe 12.60 

Mineral Wool Insulation 10.53 

 Total Mass 57.93 

Table 7.  Materials composition of the CPC evacuated tube collector used in this study.  Masses 

are for one panel only.  

 The mass of the borosilicate glass is calculated using the known dimensions of the tubes 

and the density of borosilicate glass.  The mass of copper is estimated by taking the average of 

the percent composition that copper represented in the two life cycle assessments of evacuated 

tube collectors (15) (16).  A similar procedure is performed to calculate the amount of mineral 

wool insulation.  Finally, the amounts of aluminum that make up the manifold and the CPC 
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mirror is estimated as the remaining mass once the borosilicate glass, copper, and mineral wool 

masses are subtracted from the manufacturer’s published mass of the solar collectors.  The mass 

of the aluminum support frame is estimated using the manufacturer’s dimensions. 

The environmental impacts of producing borosilicate glass were quantified using data on 

the extraction and processing of its constituent materials. The typical composition of borosilicate 

glass and the masses of materials required to produce the borosilicate glass are listed in Table 8. 

Material % Total 
Mass 

Mass for 1 Set of 
Tubes (kg) 

Mass Over Lifetime (kg) 

Silica 81 10,819.16 54,095.79 

Boric Acid 13 1736.41 8,682.04 

Sodium 
Carbonate 

4 534.28 2,671.40 

Aluminum Oxide 2 267.14 2,671.40 

Total 100 13,356.99 68,120.63 

Table 8. Typical composition of borosilicate glass, including the percentage and masses of each 

required material. 

 

Hot Water Pump 

The hot water pump is used to transfer the hot water generated by the solar collectors to a 

hot water tank.  The lifetime of the hot water pump is assumed to be only one year.  The mass 

composition of the hot water pump is estimated by analyzing a typical pump used in hot water 

applications – in this case, the Supernova ZHND 040160.  This volute pump has the technical 

specifications necessary to fulfill the requirements of the solar cooling system.  A comparison of 

the necessary technical characteristics and those of the chosen model pump are detailed in Table 

9 below. 
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 System Requirements Supernova ZHND 040160 
Specifications 

Hot Water Temperature  180˚C 180˚C 

Output 35 t/hr 40 t/hr 

Hydraulic Head 35 m 35 m 

Table 9.  Comparison of the pump specifications necessary for the solar cooling system and the 

specifications of the hot water volute pump analyzed in this study. 

 The materials composition of the hot water pump is estimated using the manufacturer’s 

published technical specifications.  The pump’s two main materials are found to be cast iron and 

stainless steel. Silicon carbide is used as a sealant inside the pump, but the mass is assumed to be 

negligible compared to the total mass of the pump due to the difference between the densities of 

silicon carbide (3.21 g/cm
3
) and cast iron (approximately 7.87 g/cm

3
) and the fact that cast iron is 

the composition material for most of the pump parts. The shaft of the pump is the only part made 

of stainless steel, while all other parts consist of cast iron.  An estimate of the amount of stainless 

steel (specifically, DIN X20Cr13) is made from estimating the volume of the shaft from 

manufacturer’s specifications and the density of stainless steel.  The materials composition is 

listed in Table 10 below. 

Material Component Mass (kg) 

Cast Iron Volute casing, Casing cover, 

Bearing bracket, Impeller, Casing 

for mechanical seal 

69.9 

Stainless Steel Shaft 9.1 

Silicon Carbide Mechanical seal, Sleeve bearing Negligible 

 Total Mass 79 

Table 10.  Materials composition of the hot water pump used in this study. 
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 Due to a lack of specific data, the Eco-invent entry for cast iron production is modeled 

using data on steel making in an electric arc furnace. This assumption is reasonable, given that 

cast iron is normally un-alloyed or low-alloyed and melted in an electric arc furnace. It is 

assumed that the input mix to produce the cast iron consists of 65% pig iron and 35% scrap iron. 

(17) The masses of pig iron and scrap iron required to produce cast iron are listed in Table 11.  

 Mass for 1 pump 
(kg) 

Mass Over Lifetime 
(kg) 

Pig Iron 45.44 2272.01 

Iron Scraps  24.47 1223.39 

Total Mass 69.91 3495.39 

Table 11.  Raw materials needed to produce the cast iron of the hot water pump. 

 

Hot Water Tank 

The pressurized hot water tank stores the hot water generated by the solar collectors until 

the absorption chiller is ready to use it.  The volume of the hot water tank in the Bangkok Futsal 

Stadium is 20 m
3
.  The lifetime of the hot water tank is assumed to be ten years.  The materials 

composition of the hot water tank is determined using specifications for a 10 m
3
 pressurized hot 

water storage tank from Changzhou Sunnergy Energy Technology Co. Based on this model, the 

constituent materials are assumed to be stainless steel and rigid polyurethane insulation foam.  

The analyzed tank consists of an outer tank, a layer of insulation, and an inner tank.  The 

thicknesses and radii of the inner and outer tanks of the analyzed model are extrapolated to 

estimate the dimensions of a hot water storage tank with a volume of 20 m
3
. 
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Material Component Mass (kg) 

Stainless steel Outer tank, inner tank 2608.70 

Rigid PU foam Insulation 7.12 

 Total Mass 2615.82 

Table 12. Materials composition of the hot water tank used in this study. 

                                                                                                                                            

Expansion Tank 

 Expansion tanks are used to relieve the pressure caused by the thermal expansion of the 

heat transfer fluid in the solar collectors.  Without the expansion tank, the thermal expansion of 

the heat transfer fluid (in this case, water) when it travels to the hot water heat exchanger could 

cause irreparable damage to the system due to the increase in pressure on the system (18).  

Therefore, in this system, four expansion tanks sized at 1000 L are used.   

The expansion tank is constructed of an internal bladder, usually made of rubber, and an 

outer casing of steel.  The internal bladder is filled with air.  This internal bladder is able to 

contract and expand, and relieves the pressure on the system by allowing the heated transfer fluid 

to expand against it.  The expansion tank modeled is chosen to be the Flexcon Solar 1000, used 

specifically in solar energy systems.  According to manufacturer’s specifications, this model is 

composed of low-alloyed steel and a butyl-rubber diaphragm filled with nitrogen gas.  The butyl-

rubber mass of the tank is assumed to be negligible compared to the mass of the tank because the 

density of low-alloyed steel is much greater than that of butyl-rubber.  The nitrogen gas is also 

assumed to be negligible because its lower density ensures that its mass will be much lower than 

that of steel. Additionally, the masses of the rubber and nitrogen gas would be very low 

compared to the total mass of the solar cooling system.  The entire tanks, consisting mainly of 

low alloyed steel, are only 2.31% of the total system by mass.  Therefore, the entire mass of the 

tank, weighing 211kg according to the manufacturer’s specifications, is assumed to be low- 

alloyed steel (19). Table 13 below summarizes the mass composition of the expansion tank. 
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Material Mass (kg) 

Low alloyed steel 211 

Table 13.  Materials composition of expansion tank used in this study.  The model is the Flexcon 

Solar 1000.  

Raw Materials Extraction and Processing 

 The raw materials extraction and processing phase refers to the steps in which the raw 

materials for the system are obtained. Some examples of processes in this phase include the 

mining of bauxite for aluminum and the production of cast iron for the hot water pump from pig 

iron and scrap iron. The chemical production of solutions such as the corrosion inhibitor is also 

included. 

Manufacturing of System Components 

Manufacturing of the system components consists of assembling the parts from the raw 

materials obtained in the previous stage.  Data on the environmental burdens and energy 

requirements of manufacturing the technology in the solar cooling system are not available. 

When life cycle inventory data on manufacturing cannot be found, it is a common rule-of-thumb 

among LCA practitioners to estimate that the burdens from manufacturing approximately equal 

30% of the impacts from the extraction and processing phase (20). A sensitivity analysis is 

conducted to examine the consequences of this assumption on the results of the study. 

 

Transportation 

 Transportation is modeled to determine the vehicular emissions and fossil fuel 

consumption over the lifetime of the solar cooling system.  Several transportation steps are 

considered in this model.  The initial shipment of the solar panels, the absorption chiller, the hot 

water pump, the four expansion tanks and the hot water tank from the solar cooling system 

supplier in China to Thailand is included.  Shipment of replacement parts over the lifetime of the 

system is also included.  According to the system provider, maintenance of the system requires a 

new hot water pump annually as well as the replacement of the evacuated tubes, the hot water 
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tank, and the expansion tanks every ten years (21).  It is assumed that a shipment of ten pumps, 

one hot water tank, four expansion tanks, and a set of replacement evacuated tubes (10,566 tubes 

in total) from China to Thailand occurs every ten years.  The transportation required to dispose 

of replacement parts is considered.  Additionally, the transportation during the final disposal of 

the system after fifty years is modeled.  The emissions of CO2, NOx, and carbon monoxide 

resulting from transportation were obtained from the Network for Transport and Environment 

(22).  A schematic of the transportation scenarios is included in Figure 17 below. 

Figure 17.  Schematic of the transport scenarios modeled.  The bundle of replacement parts that 

will be shipped every ten years for a total of four times during the lifetime includes: ten hot water 

pumps, one hot water tank, four expansion tanks, and 10,566 evacuated tubes (18 per panel).  
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Table 14 and Table 15 detail the transportation scenarios modeled. 

 

Purpose Transport Method 

Initial transport of one 
pump, one absorption 
chiller, one hot water 
tank, four expansion 
tanks, and one hot 
water tank 

 400 km from Jinan, China to Qingdao port, China by semitrailer 

truck 

 4680 km from Qingdao port to Bangkok port, Thailand by 11,000 

TEU shipping container 

 26.1 km from Bangkok to Nong Chok stadium site by semitrailer 

truck 

Transport of nine 
replacement pumps 
during second year 

 400 km from Jinan, China to Qingdao port, China by semitrailer 

truck 

 4680 km from Qingdao port to Bangkok port, Thailand by 11,000 

TEU shipping container 

 26.1 km from Bangkok to Nong Chok stadium site by semitrailer 

truck 

Transport of 
replacement parts: ten 
pumps, one hot water 
tank, four expansion 
tanks, and eighteen 
evacuated tubes 
(occurs every ten years 
for four times over 
system lifetime) 

 400 km from Jinan, China to Qingdao port, China by semitrailer 

truck 

 4680 km from Qingdao port to Bangkok port, Thailand by 11,000 

TEU shipping container 

 26.1 km from Bangkok to Nong Chok stadium site by semitrailer 

truck 

 

Table 14.  Transportation scenarios modeled for the lifetime of the system.  The original 

manufacturing site is assumed to be Jinan, China.  The stadium site is Nong Chok, Thailand. 
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Purpose Transport Method 

Disposal of 
replacement parts 

(occurs every ten years 
for four times over 
system lifetime) 

Two scenarios: 

 Recycling scenario 

o Disposal of metals to Bangkok recycling plant, 60km by 

semitrailer truck 
o Disposal of non-recyclables to landfill, 159km from 

Bangkok to Nong Khaem transfer station to Kamphaeng 

Saen landfill site by semitrailer truck 

 Landfill scenario 

o Disposal of all parts 159km from Bangkok to Nong 
Khaem transfer station to Kamphaeng Saen landfill site 

by semitrailer truck 

Final disposal of 
system: solar 
collectors , ten pumps, 
one hot water tank, one 
absorption chiller, four 
expansion tanks 

Two scenarios: 

 Recycling scenario 

o Disposal of metals to Bangkok recycling plant, 60km by 

semitrailer truck 
o Disposal of non-recyclables to landfill, 159km from 

Bangkok to Nong Khaem transfer station to Kamphaeng 

Saen landfill site by semitrailer truck 
o Disposal of LiBr solution to Samae Dam Hazardous 

Waste Center 85km by semitrailer truck 

 Landfill scenario 

o Disposal of all parts 159km from Bangkok to Nong 

Khaem transfer station to Kamphaeng Saen landfill site 
by semitrailer truck 

o Disposal of LiBr solution to Samae Dam Hazardous 

Waste Center by 85km semitrailer truck 

Table 15.  Disposal transportation scenarios used in this study.  According to Thailand’s 

Pollution Control Department, landfill disposal from Bangkok occurs through the Nong Khaem 

transfer station to the Kamphaeng Saen landfill (23).  The disposal of lithium bromide solution is 

assumed to occur at the Samae Dam Hazardous Waste Center in Bangkhuntien, a western suburb 

of Bangkok and one of the closest hazardous waste centers to the city (24). 
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End-of-Life Treatment 

 Based on their high recycling potential and value, it is assumed that the constituent 

metals will be recycled at the end of the chiller system’s lifetime. The credits awarded to the 

extraction/processing stage for the offset virgin metal demand are determined using the estimated 

recovery rates of the metals. The SimaPro entries for the recycling of iron, copper, and aluminum 

all contain estimates for the offset virgin demand of each recycled metal.  

The offset virgin demands for 304-grade stainless steel and low-alloyed steel are 

calculated by considering the melt loss during the steel recycling process. The melt loss for steel 

recycling represents the mass lost to slag and system inefficiencies while producing steel in an 

electric arc furnace from 100% scrap inputs (25). For most other metals, the loss in quality 

resulting from recycling would have an impact on the potential amount of virgin production the 

recycling could offset. However, steel is 100% recyclable, so it can be recycled many times 

without incurring a loss in its properties (26). Therefore, it is assumed that the only variable 

determining the offset virgin steel production is the melt loss during recycling. The estimates for 

the percentage of recycled metal that would offset virgin demand are included in Table 16. 

Metal % Virgin 
Offset 

low-alloyed 
steel 

98.33 

stainless steel 98.33 

copper 89.80 

cast iron 86.50 

aluminum 85.15 

Table 16. Percentage of recycled metal that would offset virgin production. 

 The burdens associated with recycling iron, copper and aluminum are determined using 

SimaPro data from the EU27 IO-model developed for the FORWAST project. The 

environmental impacts from recycling steel are estimated using the energy required to recycle 

steel in an electric arc furnace. These energy requirements are multiplied by emission factors 
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specific to the generation of Thai electricity in order to find the emissions of CO2, NOx, and SO2 

during the recycling process.  

 After being contaminated by the hazardous constituents in the sodium molybdate 

corrosion inhibitor, the lithium bromide solution should be disposed of at a hazardous waste 

facility. It is assumed that the lithium bromide solution would be transported to the Samae Dam 

hazardous waste treatment facility at the end of the absorption chiller’s lifecycle. It is also 

assumed that the glass wool, rigid polyurethane foam, and borosilicate glass would be sent to the 

landfill at the end of their lifetimes due to a lack of recycling options for these materials in the 

disposal infrastructure of Thailand. 

 The parts with a lifetime shorter than that of the absorption chiller are assumed to be 

disposed of all together in 10-year intervals. For the purposes of simplifying the transportation 

scenario, it is assumed that the expended pumps from past years would be stored on-site at the 

stadium in order to make a single disposal trip every ten years. The metals from these 

replacement parts would be recycled and the glass wool, rigid polyurethane foam, and 

borosilicate glass would be sent to the landfill. 

 The burdens associated with transporting the de-commissioned chiller components to the 

various disposal sites are included in the transportation phase of the life cycle analysis.  The 

environmental impacts caused by the landfilled materials after they have been deposited at the 

disposal site are negligible due to the low degradability of the materials being landfilled.  Few 

soil and water emissions are leached with the disposal of these materials. Therefore, they are not 

considered in the life cycle inventory. A sensitivity analysis is carried out to determine the effect 

that this assumed disposal scheme has on the results of the study. For the sensitivity analysis, a 

scenario is modeled that includes 100% landfilling of the non-hazardous waste materials and 

separate disposal of the lithium bromide solution. 

 

Use Phase 

 In this study, the life cycle of the solar cooling system is broken into two categories: the 

operational and non-operational stages of the life cycle.  The non-operational category refers to 
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the life cycle stages in which the system is not operational and is not able to produce useful 

output. The non-operational category includes: the raw materials extraction and processing, the 

manufacturing, the transportation, and the disposal phases.  The operational category describes 

the system during the fifty year lifespan of the stadium.  This includes the use phase of the 

system only.   

The use phase is mainly represented by the resources that are saved and the emissions 

that are offset by the operation of a solar cooling system in place of a conventional electric VC. 

The solar cooling system  produces chilled water without the environmental burdens of 

electricity consumption. The main objective of this life cycle assessment is to determine whether 

or not the environmental gains from the use phase of the solar cooling system (operational phase) 

outweigh the impacts from all the other stages in the system’s lifecycle (the non-operational 

phases).   

However, the solar cooling system still uses some electricity.  The hot water pump in the 

system has a power rating of 5.5 kW.  This is accounted for by subtracting the pump electricity 

requirement from the projected offset electricity consumption provided by the absorption chiller. 

The electricity consumed by the canned motor pumps to circulate the refrigerant and lithium 

bromide solution is negligible (21).  In addition, the impacts of the electricity that must be used 

by the conventional chillers when the solar cooling system cannot meet the functional unit 

cooling demand are included within the use phase.  This is termed “supplementary electricity” in 

this study.   

 The results of the Matlab modeling are used to estimate the amount of cooling output that 

the solar cooling system can produce over its lifetime. The total kWh of electricity required to 

meet that same cooling output using the conventional electric chillers is determined from the 

model results. This is termed the “offset electricity” in this study, after the electricity of the hot 

water pump is subtracted.  To find the avoided environmental impacts of generating this 

electricity, the total kWh are then multiplied by average emission factors for CO2, NOx, and SO2 

derived for the Thai national grid between 2001-2006 (27). The fossil fuel inputs required to 

meet this offset electricity demand are also calculated for the life cycle inventory. Based on data 

from EGAT and the CIA World Fact Book, it is determined that 9.01% of Thailand’s electricity 
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demand is met by renewable energy sources and 90.99% is met through fossil fuel sources (28) 

(29). To find the abiotic resource depletion potential, the total MJ of fossil fuel inputs required to 

generate the electricity is multiplied by the equivalency factor for fossil fuels derived in the New 

Dutch LCA Handbook (30).   

The supplementary electricity is calculated by subtracting the lifetime potential output of 

the solar cooling system from the lifetime cooling demand.  The environmental impacts 

associated with the supplementary electricity are calculated similarly to the offset electricity 

emissions.  During the use phase, the environmental burdens from the maintenance of the 

absorption chiller system are negligible in the scope of this study, so they are not included in the 

life cycle inventory. 

Life Cycle Impact Assessment 

 The Impact Assessment phase involves identifying the environmental burdens that arise 

from the emissions, resource requirements, and energy inputs identified in the Life Cycle 

Inventory Analysis. To accomplish this, the input and output data from the inventory analysis are 

qualitatively assigned to different impact categories in a process known as classification. Then, 

in the characterization phase, these burdens are quantitatively aggregated into impact categories 

using equivalency factors derived from reference pollutants. 

 

Impact Category Definition 

 In life cycle analysis, the emissions that are caused over the lifetime of the product or 

system are classified into impact categories.  These impact categories are indicators of the 

potential impacts that the lifetime of the product will cause.  Emissions are first classified into 

impact categories.  Each impact category has an equivalency unit associated with it, usually 

related to the most common emission associated with that impact category.  For instance, the 

equivalency unit for global warming potential is CO2.  The emissions are then integrated into the 

impact categories by multiplying them by equivalency factors, which reflect the relationship 

between the impact category potential of that emission to that impact category’s equivalency 
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unit.  For instance, because CO is approximately twice as potent as CO2 in terms of global 

warming impact, the equivalency factor for CO for global warming potential is two (31).  The 

placement of the emissions into impact categories by equivalency factors is called the 

characterization phase of the LCA. The impact categories considered in this study are global 

warming potential, acidification potential, eutrophication potential, and abiotic resource 

depletion potential. 

 The global warming potential (GWP) measures the possible contribution of an emission 

to the overall greenhouse effect. The impacts of greenhouse gases are expressed relative to the 

effect of CO2 over a 100-year period as CO2 equivalents (kg CO2-eq.). In addition, acidifying 

substances release hydrogen ions into terrestrial and aquatic ecosystems, impacting soil quality, 

groundwater, surface water, and human infrastructure. The acidification potential of a substance 

is expressed as an equivalent quantity of sulfur dioxide per kg of emissions (kg SO2-eq).  

Eutrophication involves the nutrient enrichment of ecosystems by macronutrients such as 

nitrate and phosphate. In aquatic ecosystems, this nutrient loading could cause increased algal 

growth and dissolved oxygen depletion. On land, eutrophication can decrease biodiversity, 

increase toxicity, and introduce invasive species. The eutrophication potential of a substance is 

expressed as an equivalent quantity of nitrogen per kg of emission (kg N-eq.). Abiotic resource 

depletion (ARD) measures the decreasing availability of non-living resources, like iron ore and 

crude oil. Abiotic resource depletion potential is expressed as the equivalent depletion rate of the 

reference resource antimony (kg Sb-eq.). 

 The equivalency factors for global warming potential, acidification potential, and 

eutrophication potential were derived from Henrik Wenzel's Environmental Assessment of 

Products (31). The abiotic resource depletion potential of the chiller system and offset electricity 

were determined using updated equivalency factors from the new Dutch LCA Handbook. 
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Characterization Results for Absorption Chiller System Lifecycle 

 The results of the characterization process for the life cycle of the solar cooling system 

are shown below.  The impact potentials of each life cycle phase are calculated using life cycle 

emissions and equivalency factors as described above. 

Life Cycle Phase GWP (kg 
CO2-eq.) 

Acidification 
(kg SO2-eq.) 

Eutrophication 
(kg N-eq.) 

ADP (kg Sb-
eq.) 

Raw Materials 
Extraction & 
Processing 

133,462 1,863 111 1,243 

Manufacturing 164,863 4,897 205 3,604 

Transportation 49,863 140 60 32 

Recycling 123,723 699 116 389 

Non-Operational Life 
Cycle Impacts 

472,911 7,598 492 5,268 

Avoided Impacts from 
Use Phase 

-41,863,617 -95,982 -28,081 -52,151 

Net Life Cycle 
Impacts 

-41,390,706 -88,384 -27,589 -46,883 

Avoided Extraction & 
Processing Impacts 

from Recycling 

 

416,082 

 

14,458 

 

572 

 

10,770 

Table 17. Impact potentials for each phase of the solar cooling system life cycle.   

The use phase has a negative impact because it includes the avoided environmental 

impacts of the electricity saved through the output of the solar cooling system.  The 

environmental impacts of the raw materials extraction, manufacturing, transportation, and 

recycling phases are summed to produce the “non-operational life cycle impacts”.  The net life 

cycle impacts are calculated by subtracting the avoided environmental impacts during the use 

phase from the total production and disposal impacts.   The net life cycle impacts in Table 17 

show that the solar cooling system results in the avoidance of a substantial amount of 

environmental impacts which outweigh the environmental impacts of the manufacturing, 

transportation, and disposal of the system.   
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Recycling of the metals in the system also lowers the extraction and processing impacts 

of the system, since the avoided production of virgin metals due to the recycling is credited to the 

system in this study.  The avoided environmental burdens from recycling are shown in the last 

row of Table 17.  The extraction and processing phase impacts presented already include the 

subtraction of the avoided virgin metal production impacts from recycling.  The manufacturing 

impacts are calculated by multiplying the raw materials impacts before recycling credits are 

subtracted by 30%.  This causes the final manufacturing impacts to be higher than the final raw 

materials impacts. 

 

 

Figure 18. Percentage contribution of each life cycle stage to the environmental impact 

categories, excluding the use phase.  Only the non-operational life cycle stages are considered.  

The figure shows that the raw materials and manufacturing life cycle stages of the solar cooling 

system have the biggest environmental impacts in all impact categories considered.  

Manufacturing is assumed to be 30% of the extraction and processing impacts before the credits 

from avoided production of virgin metals are applied to the extraction and processing life cycle 

stage due to recycling of metals.   
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Figure 19 shows the impact potentials of the non-operational life cycle phases compared 

to the avoided impacts of the use phase.  Also included are the emissions from the electricity 

necessary to supplement the cooling demand when the solar cooling system cannot generate 

enough chilled water to meet the full demand.   

 

Figure 19.  A comparison of the impacts avoided by the solar cooling system, the impacts of the 

production and disposal life cycle impacts of the system, and the impacts created by the need to 

supplement the cooling demand that cannot be met by the solar cooling system with fossil fuel 

based electricity.  From this figure it can be seen that the avoided emissions are still far greater 

than the sum of the non-operational impacts and the supplementary electricity impacts. 

 In addition to the impact categories, the energy consumption (including supplementary 

electricity) of the system should be compared to the total kWh consumption that the solar 
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system, the supplementary electricity, and the lifetime kWh offset by the system are shown in 

Figure 20. 

 

Figure 20.  Energy analysis of the system.  The kWh consumption avoided by the solar cooling 

system can be equated to a total amount of megajoules worth of offset fossil fuel based energy.  

The production and disposal life cycle energy usage is the energy needed to produce, transport, 

and dispose of the system.  The supplementary energy is the electricity needed to meet the full 

cooling demand of 8000 RTh with the VC chillers when the AC chilled water production cannot 

do so.  From this figure it can be seen that the megajoule equivalent of offset electricity 

consumption by the system is far greater than the energy required to produce and dispose of it, as 

well as the extra electricity needed to supplement the system.   

 

Sensitivity Analysis 

 Two sensitivity analyses are conducted.  The first analyzed the effect of a different 

disposal scenario, called the landfilling scenario in this study.  The second sensitivity analysis 

studied the effect of the manufacturing phase on the overall results. 

The landfilling scenario assumes that all materials are sent to the landfill, except for the LiBr 

solution which must be disposed of at a hazardous waste facility.  This is compared with the 

recycling scenario used in this study, in which the metals are sent to a recycling facility while the 

 267,442,188  

 69,011,116  
 47,744,943  

 -

 50,000,000

 100,000,000

 150,000,000

 200,000,000

 250,000,000

 300,000,000

Use Phase Offset

Energy

Non-operational

Phase Usage

Supplementary

Energy

E
n

e
r
g
y
 (

M
J
) 



  

62 

 

non-recyclables are sent to the landfill (with the LiBr solution being sent to the hazardous waste 

facility).  Disposal in the recycling scenario decreases the non-operational lifecycle impacts of 

the solar cooling system, since the emissions from the avoided production of virgin metals due to 

recycling are subtracted from the life cycle inventory.  In the landfilling scenario, materials are 

transported to the landfill and hazardous waste facility with no reclamation of usable material.   

 

 

Figure 21.  This figure compares the non-use-phase environmental impacts for the recycling and 

landfill scenarios with the use phase avoided burdens.  The results show that the landfilling 

scenario causes the non-operational life cycle impacts to increase greatly in all impact categories.  

The percent difference between the two disposal scenarios shows the percent by which the 

recycling scenario impact potentials would increase by landfilling all of the usable materials 

instead.  The landfill scenario has higher impacts for two reasons.  One, because there is no 
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reclamation of materials, the system cannot be credited for the avoided production of virgin 

materials like the recycling scenario.  Secondly, the transportation of the materials to the landfill 

causes more emissions than the recycling transportation scenario because almost all of the 

system mass travels a longer distance to the landfill.  In the recycling scenario, the system mass 

is split and the recycling plant is closer to the stadium site than the landfill.  The impact 

potentials for the landfilling scenario show that even when all salvageable materials are 

landfilled, the avoided environmental impacts from the use phase are still greater than the 

environmental impacts from all the other processes in the life cycle.   

 The second sensitivity analysis studies the effect of the manufacturing phase on the non-

operational life cycle impacts.  In the results of the study, manufacturing is assumed to be 30% 

of the raw materials extraction phase before recycling allocation.  This is solely based on a 

generally accepted life cycle analysis technique used when manufacturing data is not readily 

available.  The effects of assuming that manufacturing is 20% and 40% of the raw materials 

extraction phases are explored in this analysis.  The results are shown in Table 18 below. 

Manufacturing 
Scenario 

 GWP (kg 
CO2-eq)  

Acidification 
(kg SO2-eq)  

 Eutrophication 
(kg N-eq)  

 ADP (kg 
Sb-eq)  

 20% of Raw 
Materials Extraction  

416,956 5,966 424 4,067 

 30% of Raw 
Materials Extraction 
(Baseline) 

471,910 7,598 492 5,268 

 40% of Raw 
Materials Extraction 

526,865 9,230 560 6,469 

Percent Differences   11.65 21.48 13.88 22.80 

Table 18.  Sensitivity analysis results studying the effects of altering the percentage of raw 

materials extraction impacts that the manufacturing burdens are assumed to be.  In the baseline 

scenario, it is assumed that manufacturing impacts are 30% of the raw materials extraction and 

processing impacts. This analysis compares the non-operational life cycle impacts with those 

calculated when manufacturing is assumed to constitute 20% and 40% of the extraction and 

processing burdens.  The percent difference between the 30% impact potentials and the impacts 
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from both the 20% scenario and the 40% scenario are the same.  It can be seen that the final 

results of this life cycle analysis are sensitive to the percentage of impacts that manufacturing is 

assumed to represent. 

A break even analysis is performed to determine the actual percentage that the 

manufacturing would need to represent in order for the non-operational life cycle impacts of the 

solar cooling system to cancel out the offset impacts from electricity savings. Figure 22 shows 

the results of this breakeven analysis for global warming potential. 

 

Figure 22.  Sensitivity analysis of the effect of manufacturing contribution on global warming 

potential of the non-operational phases. Manufacturing is estimated to be 30% of the raw 

materials extraction GWP in this study.  The x-axis represents the ratio of manufacturing GWP 

to raw materials extraction GWP that could be assumed.  The y-axis represents the resultant total 

lifetime GWP of the solar cooling system, minus the use phase.  This breakeven analysis shows 

that manufacturing would have to be approximately 311 times as large as the raw materials 

extraction GWP before the GWP for the non-operational stages of the chiller system are equal to 

the GWP avoided by the use phase of the system.   
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 Similar breakeven analyses are conducted with the other impact categories.  Table 19 

below shows the breakeven manufacturing percentages of the other impact categories. 

Impact Category Manufacturing to Raw Materials 
Extraction Ratio 

Global Warming Potential 311.3733 

Acidification Potential 50.06147 

Eutrophication Potential 250.8973 

Abiotic Resource Depletion 
Potential 

40.61732 

Table 19. Breakeven analysis of manufacturing values.  The table above shows that 

manufacturing must be estimated to be far greater than 30% of raw extraction in order to cause 

the non-operational environmental burdens of the solar cooling system to equal the 

environmental impacts avoided by the system.  The manufacturing phase impacts would have to 

be at least one order of magnitude greater than the raw materials extraction impacts in order for 

the benefits of the electricity offsets of the solar cooling system to be negated by the rest of the 

life cycle of the system.   

Conclusions 

The results of the mathematical modeling and life cycle assessment show that 

implementing a solar-powered absorption chiller in the World Cup Futsal Stadium (WCFS) will 

generate a wide range of environmental and economic benefits. The solar cooling system is 

found to be able to meet all of the weekly cooling demand for the stadium offices and the bulk 

majority (on average, 82% annually) of the weekend stadium cooling demand for all months of 

the year.  The payback period for the solar cooling system is approximately thirteen years, after 

which all of the electricity savings are able to be counted as monetary savings for the stadium. 

The statistical analysis of the meteorological data shows that there is high annual 

variability in most climatic records, especially for solar irradiation, but that this variability is 

representative of natural climatic variation. Assuming the climatic data for each day of the month 

as the averaged data, the modeled solar cooling system offset a net 1,481,919 kWh per annum. 
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This amounted to an approximate savings of 74,095,947 kWh of grid electricity over the course 

of the system’s lifetime. At a 4% discount rate, the payback period is evaluated at 13 years and 

the total monetary benefits realized by the system have a net present value of 22,952,585 USD, 

approximately 21.4 times greater than the initial investment. 

The electricity savings provided by the solar cooling system also result in emissions 

savings.  From the study, it is estimated that the solar cooling system is able to offset 

approximately 41,863,617.12 kg of CO2.  In addition 30,458.693 kg of SO2 and 93,604.765 kg 

of NOx are offset.     

The life cycle assessment demonstrates the environmental benefits of implementing the 

solar-powered absorption chiller system in the World Cup Futsal Stadium.  The avoided impacts 

of the solar cooling system are created through electricity savings generated during the use phase 

of the lifecycle. By saving grid electricity, the use phase avoids emissions to air, water, and soil 

and reduces the consumption of fossil fuel.  

According to the characterization results of the study, the avoided global warming 

potential provided by the absorption chiller is 88.7 times as large as the global warming potential 

of producing, transporting, and disposing of the system (the non-operational phases of the life 

cycle).  The characterization results show that the avoided impacts for the other three impact 

categories are also much higher than the environmental costs of the non-operational phases of the 

system.  The avoided environmental burden is 12.6 times as large as the environmental cost for 

acidification, 57 times as large for eutrophication, and 9.8 times as large for abiotic resource 

depletion. 

Since the system compensates for its environmental burdens through avoided 

environmental impacts, the net impact potential for each impact category studied is 

negative.  The global warming potential is -41,863,617 kg CO2-eq., the acidification potential is 

-88,384 kg SO2-eq., the eutrophication potential is -27,589 kg N-eq., and the abiotic resource 

depletion potential is -46,883 kg Sb-eq.  The supplementary electricity that the system requires to 

meet the rest of the cooling demand must also be considered.  Even when the impacts from 

supplementary electricity and the impacts from production, transport, and disposal of the system 
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are combined, the sum is still far less than the avoided impacts that the solar cooling system 

provides.  

The sensitivity analysis indicates that the final results are sensitive to the assumed 

contribution of manufacturing to the overall life cycle impacts. The sensitivity analysis also 

shows that the chosen disposal scenario has a significant effect on the final results of the 

study.  However, the sensitivity analysis indicates that alternative manufacturing and disposal 

assumptions do not change the fact that the avoided environmental impacts are significantly 

greater than the environmental burdens of the system’s life cycle. Overall, the solar cooling 

system is shown to produce more environmental benefits than the environmental burdens that its 

life cycle causes.  This statement holds even when the impacts of supplementary electricity are 

summed with the non-operational life cycle impacts. 
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Appendix 

Appendix Section 1: Climatic Data 

Ambient Temperature 
 

Dry Season 

HOUR Nov Dec Jan Feb Average SD RSD 

1:00 26.22 25.33 25.28 27.08 25.98 2.05 7.92 

2:00 25.90 24.80 24.79 26.78 25.57 2.13 8.34 

3:00 25.59 24.37 24.32 26.47 25.19 2.20 8.73 

4:00 25.30 24.00 23.91 26.12 24.83 2.24 9.03 

5:00 25.00 23.67 23.54 25.74 24.49 2.26 9.22 

6:00 24.76 23.40 23.22 25.39 24.19 2.27 9.41 

7:00 24.81 23.23 23.04 25.19 24.07 2.30 9.58 

8:00 25.92 24.22 23.67 25.91 24.93 2.30 9.23 

9:00 27.41 25.87 25.09 27.56 26.48 2.35 8.89 

10:00 28.74 27.33 26.76 29.31 28.04 2.37 8.46 

11:00 29.93 28.74 28.37 30.92 29.49 2.38 8.08 

12:00 30.62 29.74 29.61 31.92 30.47 2.31 7.57 

13:00 31.04 30.43 30.37 32.62 31.12 2.24 7.22 

14:00 31.32 30.93 31.04 33.07 31.59 2.26 7.15 

15:00 31.12 31.00 31.28 33.23 31.66 2.31 7.31 

16:00 30.90 30.84 31.23 33.19 31.54 2.30 7.30 

17:00 30.35 30.27 30.74 32.63 31.00 2.20 7.11 



  

73 

 

18:00 29.37 29.18 29.73 31.46 29.93 2.13 7.11 

19:00 28.66 28.31 28.74 30.12 28.96 1.97 6.82 

20:00 28.10 27.76 27.98 29.15 28.25 1.86 6.58 

21:00 27.67 27.20 27.27 28.54 27.67 1.87 6.78 

22:00 27.30 26.69 26.73 28.16 27.22 1.87 6.86 

23:00 26.91 26.16 26.19 27.79 26.76 1.95 7.28 

0:00 26.58 25.71 25.75 27.45 26.37 2.00 7.57 

Table 20. Average ambient temperature, standard deviation and relative standard deviation for 

the dry season. 

 

Hot Season 

 

HOUR Mar Apr May June Average SD RSD 

1:00 28.15 28.62 28.19 28.19 28.29 1.60 5.66 

2:00 27.89 28.36 27.96 27.93 28.04 1.55 5.53 

3:00 27.61 28.11 27.75 27.71 27.79 1.51 5.43 

4:00 27.31 27.83 27.54 27.58 27.56 1.47 5.34 

5:00 26.92 27.58 27.33 27.38 27.30 1.43 5.25 

6:00 26.57 27.31 27.20 27.26 27.08 1.42 5.25 

7:00 26.46 27.49 27.68 27.82 27.36 1.51 5.52 

8:00 27.57 28.72 28.87 29.00 28.54 1.72 6.04 

9:00 29.36 30.46 30.01 30.18 30.00 1.88 6.28 

10:00 31.00 31.72 31.26 31.12 31.27 1.88 6.01 

11:00 32.35 32.84 32.15 32.04 32.34 1.98 6.12 

12:00 33.24 33.61 32.43 32.72 33.00 2.23 6.77 
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13:00 33.74 33.97 32.68 33.10 33.38 2.36 7.06 

14:00 34.02 33.98 32.93 33.12 33.51 2.65 7.89 

15:00 34.22 33.84 32.98 32.86 33.48 2.73 8.17 

16:00 34.21 33.77 32.88 32.59 33.36 2.67 7.99 

17:00 33.47 33.33 32.28 31.88 32.74 2.53 7.72 

18:00 32.22 32.44 31.28 30.84 31.69 2.34 7.38 

19:00 30.88 31.15 30.38 29.96 30.59 2.08 6.81 

20:00 29.95 30.28 29.53 29.20 29.74 1.88 6.34 

21:00 29.38 29.81 29.13 28.91 29.31 1.76 5.99 

22:00 29.02 29.52 28.83 28.68 29.01 1.77 6.09 

23:00 28.57 29.25 28.68 28.47 28.74 1.73 6.03 

0:00 28.38 28.90 28.43 28.33 28.51 1.63 5.73 

Table 21. Average ambient temperature, standard deviation and relative standard deviation for 

the hot season. 

 

Rainy Season 

HOUR July Aug Sept Oct Average SD RSD 

1:00 27.82 27.75 27.10 26.89 27.39 1.39 5.07 

2:00 27.56 27.52 26.89 26.64 27.15 1.30 4.79 

3:00 27.32 27.28 26.69 26.45 26.93 1.23 4.56 

4:00 27.14 27.10 26.53 26.23 26.75 1.19 4.45 

5:00 26.98 26.91 26.38 26.07 26.58 1.14 4.30 

6:00 26.88 26.79 26.27 25.97 26.48 1.11 4.21 

7:00 27.24 27.05 26.50 26.18 26.74 1.15 4.29 

8:00 28.24 28.02 27.36 27.16 27.70 1.30 4.69 
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9:00 29.36 29.22 28.53 28.33 28.86 1.48 5.13 

10:00 30.34 30.26 29.60 29.39 29.90 1.59 5.31 

11:00 31.24 31.18 30.55 30.34 30.83 1.67 5.43 

12:00 31.84 31.90 31.20 31.04 31.50 1.81 5.75 

13:00 32.07 32.23 31.63 31.45 31.84 1.96 6.17 

14:00 32.30 32.42 31.96 31.66 32.08 2.11 6.56 

15:00 32.23 32.39 31.91 31.61 32.04 2.24 6.98 

16:00 31.95 32.08 31.65 31.11 31.70 2.33 7.36 

17:00 31.33 31.41 31.01 30.32 31.02 2.30 7.41 

18:00 30.32 30.50 30.09 29.43 30.09 2.09 6.96 

19:00 29.45 29.62 29.29 28.80 29.29 1.92 6.57 

20:00 28.85 29.03 28.59 28.34 28.70 1.74 6.07 

21:00 28.51 28.58 28.11 28.05 28.31 1.67 5.88 

22:00 28.37 28.30 27.80 27.72 28.05 1.58 5.64 

23:00 28.17 28.17 27.53 27.39 27.82 1.55 5.56 

0:00 27.97 27.91 27.27 27.10 27.56 1.45 5.27 

Table 22. Average ambient temperature, standard deviation and relative standard deviation for 

the rainy season. 
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Relative Humidity 

 

Dry Season 

HOUR Nov Dec Jan Feb Average SD RSD 

1:00 73.73 71.69 73.58 76.77 73.94 7.19 9.74 

2:00 75.01 73.62 75.28 78.15 75.51 6.91 9.16 

3:00 76.10 75.49 76.98 79.38 76.99 6.83 8.88 

4:00 76.88 76.69 78.43 80.62 78.15 7.02 8.99 

5:00 77.96 77.68 79.67 81.75 79.26 7.15 9.02 

6:00 78.65 78.67 80.72 83.11 80.29 7.25 9.04 

7:00 78.29 78.63 81.18 84.15 80.56 7.66 9.52 

8:00 73.78 74.56 77.91 81.20 76.86 8.38 10.91 

9:00 67.97 67.60 72.20 74.44 70.55 9.07 12.86 

10:00 62.71 61.59 65.81 67.48 64.40 9.32 14.48 

11:00 58.49 56.59 59.27 60.24 58.65 9.04 15.43 

12:00 55.77 52.27 53.87 55.75 54.41 9.24 16.99 

13:00 54.19 49.66 50.83 52.79 51.87 9.60 18.53 

14:00 52.98 47.80 48.54 50.70 50.01 9.94 19.89 

15:00 53.39 47.10 47.09 49.46 49.26 10.84 22.04 

16:00 54.23 47.27 47.22 49.40 49.53 11.07 22.37 

17:00 56.43 49.42 49.35 51.25 51.61 10.97 21.28 

18:00 60.20 53.87 53.86 55.60 55.88 10.69 19.14 

19:00 63.45 58.07 58.48 61.29 60.32 9.87 16.37 

20:00 65.64 61.04 62.31 66.36 63.84 9.43 14.80 
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21:00 67.31 63.53 65.12 68.95 66.23 8.86 13.40 

22:00 69.11 65.71 67.26 71.54 68.41 8.33 12.19 

23:00 70.87 68.05 69.81 73.54 70.57 7.88 11.18 

0:00 72.31 70.16 71.95 75.48 72.48 7.36 10.17 

Table 23. Average relative humidity, standard deviation and relative standard deviation for the 

dry season. 

 

Hot Season 

HOUR Mar Apr May June Average SD RSD 

1:00 74.74 76.42 79.62 79.22 77.50 7.30 9.42 

2:00 75.94 77.53 80.33 79.99 78.45 6.87 8.75 

3:00 77.03 78.48 81.14 80.42 79.27 6.49 8.18 

4:00 78.22 79.40 81.99 81.02 80.16 6.32 7.88 

5:00 79.83 80.39 82.93 81.81 81.24 6.15 7.57 

6:00 81.19 81.49 83.68 81.97 82.09 5.97 7.27 

7:00 81.56 80.76 81.91 79.83 81.02 6.38 7.87 

8:00 77.07 75.98 76.83 74.97 76.21 7.16 9.39 

9:00 70.47 70.26 71.85 70.32 70.73 8.16 11.53 

10:00 64.08 65.70 67.75 66.78 66.08 9.11 13.79 

11:00 58.20 61.43 63.93 63.31 61.72 10.07 16.31 

12:00 54.34 58.24 62.69 60.79 59.02 11.09 18.80 

13:00 52.03 56.76 61.76 59.33 57.47 12.30 21.40 

14:00 50.81 57.04 60.46 59.55 56.97 13.39 23.52 

15:00 49.89 56.26 60.54 60.96 56.91 13.80 24.25 
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16:00 49.91 56.45 60.82 62.02 57.30 13.66 23.84 

17:00 51.69 57.72 62.86 64.57 59.21 13.38 22.61 

18:00 55.81 60.84 66.22 68.19 62.77 13.03 20.76 

19:00 61.32 65.60 70.11 71.35 67.10 11.77 17.55 

20:00 65.68 68.97 73.42 73.87 70.49 10.52 14.92 

21:00 68.43 71.01 75.58 75.68 72.67 9.39 12.92 

22:00 70.67 72.60 77.10 76.71 74.27 8.58 11.55 

23:00 72.42 73.99 77.95 77.78 75.54 8.12 10.75 

0:00 73.63 75.21 79.00 78.56 76.60 7.63 9.96 

Table 24. Average relative humidity, standard deviation and relative standard deviation for the 

hot season. 

 

Rainy Season 

HOUR July Aug Sept Oct Average SD RSD 

1:00 79.29 78.97 81.37 80.50 80.03 7.41 9.27 

2:00 79.97 79.87 82.14 81.74 80.93 7.28 9.00 

3:00 80.91 80.49 82.78 82.73 81.73 7.19 8.80 

4:00 81.13 81.02 83.36 83.72 82.31 7.13 8.66 

5:00 81.82 81.56 83.81 84.52 82.93 6.88 8.30 

6:00 82.12 82.15 84.49 85.10 83.46 6.76 8.10 

7:00 81.00 81.01 83.55 84.10 82.41 6.99 8.49 

8:00 76.86 76.93 79.76 79.55 78.27 7.57 9.68 

9:00 72.44 72.53 74.90 74.49 73.59 8.30 11.29 

10:00 68.55 68.54 70.44 69.88 69.35 8.68 12.52 

11:00 65.08 64.80 66.74 65.38 65.50 8.98 13.72 
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12:00 62.69 62.27 64.34 62.56 62.97 9.27 14.73 

13:00 61.70 60.84 62.31 60.64 61.37 9.85 16.05 

14:00 61.31 60.29 61.28 59.78 60.67 10.38 17.10 

15:00 61.71 60.07 61.08 59.61 60.62 10.82 17.86 

16:00 62.74 61.76 62.39 61.39 62.07 11.27 18.15 

17:00 64.91 64.03 65.06 64.25 64.56 11.28 17.47 

18:00 68.89 67.69 68.55 68.31 68.36 10.52 15.39 

19:00 72.41 71.11 72.37 71.44 71.83 9.74 13.57 

20:00 74.76 73.59 75.19 73.53 74.27 9.02 12.15 

21:00 76.32 75.20 77.56 75.10 76.04 8.67 11.40 

22:00 77.11 76.47 78.90 76.71 77.30 8.22 10.64 

23:00 77.94 77.48 79.79 78.34 78.39 7.91 10.09 

0:00 78.57 78.20 80.61 79.45 79.21 7.67 9.68 

Table 25. Average relative humidity, standard deviation and relative standard deviation for the 

rainy season. 

 

Solar Irradiance 

 

Dry Season 

HOUR Nov Dec Jan Feb Average SD RSD 

1:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4:00 0.00 0.00 0.00 0.00 0.00 0.01 1015.97 

5:00 0.00 0.04 0.00 0.00 0.01 1.43 263.06 
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6:00 21.75 8.15 2.34 3.70 8.98 32.50 121.42 

7:00 155.03 114.76 79.41 85.06 108.56 75.44 51.50 

8:00 335.86 292.86 239.48 244.28 278.12 108.52 34.12 

9:00 500.43 465.84 405.51 410.83 445.65 135.72 27.97 

10:00 611.59 599.63 569.33 556.76 584.33 154.14 25.49 

11:00 682.53 675.20 653.75 679.33 672.70 166.55 24.44 

12:00 663.48 679.53 689.97 733.97 691.74 176.25 25.73 

13:00 582.88 619.99 664.14 714.64 645.41 174.01 28.15 

14:00 460.23 480.13 554.56 641.74 534.16 158.16 31.97 

15:00 300.10 330.87 398.44 471.16 375.14 129.07 39.01 

16:00 137.53 162.10 218.58 287.33 201.39 95.91 59.45 

17:00 19.02 28.07 55.25 95.42 49.44 38.59 108.82 

18:00 0.00 0.02 0.18 2.83 0.76 1.93 230.31 

19:00 0.00 0.06 0.03 0.16 0.06 0.24 351.67 

20:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

21:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

22:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Table 26. Average solar irradiance, standard deviation and relative standard deviation for the dry 

season. 
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Hot Season 

HOUR Mar Apr May June Average SD RSD 

1:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4:00 0.00 0.02 0.00 0.00 0.00 0.11 2501.42 

5:00 0.02 0.02 0.37 0.61 0.25 0.89 362.02 

6:00 14.65 40.33 55.33 63.74 43.51 26.90 62.08 

7:00 133.93 188.86 202.37 216.06 185.31 69.63 37.58 

8:00 300.63 368.57 366.73 383.66 354.90 113.62 31.99 

9:00 481.10 533.53 503.58 523.03 510.31 166.30 32.55 

10:00 640.58 665.44 595.57 627.74 632.34 199.25 31.48 

11:00 756.92 760.77 630.17 702.17 712.51 215.71 30.25 

12:00 811.82 797.19 656.34 717.40 745.69 229.55 30.76 

13:00 790.57 756.84 635.57 635.94 704.73 234.50 33.22 

14:00 683.46 642.69 541.87 529.86 599.47 208.78 34.77 

15:00 515.60 482.34 411.13 397.00 451.52 167.10 36.93 

16:00 313.30 278.96 249.25 249.70 272.80 106.50 39.03 

17:00 110.97 105.24 99.35 98.17 103.44 47.06 45.49 

18:00 4.71 6.34 8.95 14.21 8.55 6.96 82.41 

19:00 0.23 0.04 0.42 0.00 0.17 0.71 335.67 

20:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

21:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

22:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Table 27. Average solar irradiance, standard deviation and relative standard deviation for the hot 

season. 

 

Rainy Season 

HOUR July Aug Sept Oct Average SD RSD 

1:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4:00 0.00 0.00 0.00 0.00 0.00 0.01 1114.08 

5:00 0.03 0.01 0.00 0.14 0.04 0.28 721.64 

6:00 38.04 29.61 30.03 24.69 30.59 18.88 61.63 

7:00 156.01 145.89 147.90 149.71 149.88 67.43 45.06 

8:00 303.56 303.26 303.23 335.31 311.34 122.15 39.38 

9:00 453.19 459.71 473.97 475.82 465.67 168.64 36.22 

10:00 546.59 565.03 576.32 565.09 563.26 197.41 35.01 

11:00 606.29 610.94 632.30 612.50 615.51 215.86 35.04 

12:00 596.76 610.31 619.28 589.20 603.88 228.04 37.69 

13:00 551.24 562.80 571.66 521.73 551.86 224.18 40.49 

14:00 462.12 450.67 456.33 409.71 444.71 202.72 45.44 

15:00 328.04 332.77 312.73 289.75 315.82 163.11 51.46 

16:00 207.41 204.07 172.92 145.95 182.59 104.89 57.06 

17:00 97.74 81.32 54.90 33.20 66.79 48.92 72.41 

18:00 13.92 9.14 1.72 0.49 6.32 9.37 147.23 
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19:00 0.00 0.02 0.00 0.06 0.02 0.15 568.89 

20:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

21:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

22:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Table 28. Average solar irradiance, standard deviation 
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Appendix Section 2: Life Cycle Analysis Data 

 

Data Sources 

Lifecycle Stage Data Source Database 

Entry 

Source 

Year 

Geographical 

Coverage 

Comments 

Extraction/Processing 

Aluminum 

ELCD 

Database 2.0 

Aluminium 

extrusion 

profile 

2005 Europe   

Extraction/Processing 

Aluminum Oxide 

SimaPro 7.3 Aluminium 

oxide, at 

plant/RER U 

2003 Europe Average 

technology 

for the 

Aluminium 

consumed in 

Europe 

Extraction/Processing 

Boric Acid 

SimaPro 7.3 Boric acid, 

anhydrous, 

powder, at 

plant/RER U 

2003 Europe Average 

European 

processes 

(raw 

materials, 

transport, 

electricity 

mix) 

Extraction/Processing 

Copper 

CPM LCA 

Database 

Production of 

primary 

copper 

1998 Europe   

Extraction/Processing 

Glass Wool 

ELCD 

Database 2.0 

Glass wool; 

fleece; 

production 

mix, at plant; 

density 

between 10 to 

100 kg/m3 

2010 Europe   

Extraction/Processing 

Iron Scraps 

SimaPro 7.3 Iron scrap, at 

plant/RER U 

2007 European 

Union 

Data relates 

to plants in 

the EU 

Extraction/Processing 

LiOH 

SimaPro 7.3 Lithium 

hydroxide, at 

plant/GLO U 

2007 Global   

Extraction/Processing 

Low-Alloyed Steel 

SimaPro 7.3 Steel, low-

alloyed, at 

plant/kg/RER 

S 

2007 European 

Union 

Data relates 

to plants in 

the EU 
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Extraction/Processing 

Pig Iron 

SimaPro 7.3 Pig iron, at 

plant/kg/GLO 

  2007 Europe Inputs relate 

to the global 

average                                      

Emissions 

relate to 

European 

plants 

Extraction/Processing 

Rigid PU Foam 

SimaPro 7.3 Polyurethane, 

rigid foam, at 

plant/RER U 

2003 Europe Typical 

composition 

for 

European 

conditions 

Extraction/Processing 

Silica 

SimaPro 7.3 Silica sand, at 

plant/kg/DE 

2003 Europe Typical 

technology 

and energy 

inputs for 

Switzerland 

Extraction/Processing 

Sodium Carbonate 

SimaPro 7.3 Sodium 

carbonate 

from 

ammonium 

chloride 

production, at 

plant/kg/GLO 

2009 Global   

Extraction/Processing 

Sodium Hydroxide 

SimaPro 7.3 Sodium 

hydroxide 

(concentrated)  

2007 Europe Based on 

European 

industry 

averages 

Extraction/Processing 

Sodium Molybdate 

IMOA: 

International 

Molybdenum 

Association 

Sodium 

molybdate 

dihydrate 

(NaMo) 

2006 Europe, North 

America, 

South 

America 

 

Extraction/Processing 

SUS 304 

ISSF: 

International 

Stainless Steel 

Forum 

Stainless steel 

world 304 

cold rolled 

coil (cradle to 

gate) 

2010 Global   

Processing Cast Iron SimaPro 7.3 Cast iron, at 

plant/kg/RER 

2007 European 

Union 

Data relates 

to plants in 

the EU 

Recycling Aluminum SimaPro 7.3 _56 Recycling 

of aluminium 

basic, EU27 

2010 European 

Union 

  

Recycling Cast Iron SimaPro 7.3 _54 Recycling 

of iron basic, 

2010 European 

Union 
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EU27 

Recycling Copper SimaPro 7.3 _58 Recycling 

of copper 

basic, EU27 

2010 European 

Union 

  

Recycling Low-

Alloyed Steel 

Bureau of 

International 

Recycling 

Report on the 

Environmental 

Benefits of 

Recycling 

2008 Thailand Report 

provides 

electricity 

requirements 

for recycling 

steel in an 

EAF 

Recycling SUS 304 School of 

Forestry and 

Environmental 

Studies, Yale 

University  

The Energy 

Benefit of 

Stainless Steel 

Recycling 

2007 Thailand Report 

provides 

energy 

requirements 

for recycling 

stainless 

steel 

Table 29. Data sources for the life cycle inventory 


