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SUMMARY  

Within the next 30 years, the worldôs energy demand will double as space-cooling 

demands increase and building services and transportation systems are electrified. Infrastructure 

investments are long-term decisions, and to mitigate and adapt to climate change impacts, cities 

are looking to invest in more sustainable and resilient infrastructures. Among these options, 

combined cooling, heating, and power (CCHP) systems are often portrayed as a more sustainable 

alternative to conventional fossil-fuel systems because 1) they have a higher conversion 

efficiency relative to other thermoelectric plants; 2) they are dispatchable and can produce 

energy in the absence of sunlight and wind; 3) they increase resilience to external stressors that 

could cause blackouts or brownouts. However, adopting a distributed CCHP-based system would 

require a massive reorganization of our existing energy infrastructure, and potentially lock cities 

into fossil-fuel dependency. Accordingly, stakeholders need to understand the long-term 

environmental impacts of a CCHP-based energy network to justify these investments. This 

research bridges the gap between energy planning and climate change mitigation/adaptation by 

investigating two understudied areas regarding CCHP systems, i.e., the air emissions and water 

consumption of distributed CCHP systems within various climates and power regimes. To do 

this, we developed energy-balance models of hybrid energy systems composed of the centralized 

power grid, conventional heating-and-cooling equipment, CCHP systems, and on-site renewable 

power generation. Each energy system supplies the hourly electric, heating, and cooling demands 

of 16 commercial building types in 16 climate zones of the United States. We quantified the 

greenhouse gas (GHG) emissions, conventional air pollutants (CAPs), fuel consumption, and 

water consumption associated with each hybrid energy system for each climate zone in the 

United States and 25 different power grids within the continental United States. Our results 



xvi 

 

suggest that ï despite their energy efficiency benefits ï standard distributed CCHP systems may 

hinder the decarbonization goals of countries with ongoing renewable energy transitions and 

simultaneously increase regional water consumption ï especially in water-stressed regions. 

Nonetheless, CCHPs may still prove invaluable towards reducing peak-energy demands 

considering the massive energy investments that will be required over the coming decades. The 

results presented in this dissertation highlight the potential benefits of CCHP systems and 

provide caution on the potential long-term consequences of these investments. 
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CHAPTER 1. INTRODUCTION  

1.1 Cities and the future of energy 

Cities are extremely resource intensive. While only occupying 3% of the Earthôs ice-free 

landmass, cities house 50% of the population,1 produce 60-80% of global greenhouse gas (GHG) 

emissions and consume 60-80% of the energy generated.2 Between 2018 and 2050, urban 

inhabitants will increase from 4.2 billion to 7.4 billion, respectively.1 Correspondingly, energy 

demand is expected to double by 2050 as building services and transportation systems are 

electrified.3 A newer report from the International Energy Agency (IEA) projects that global 

space-cooling needs will triple by 2050 ï relative to the 2016 datum ï driven by rising urban 

populations, socio-economic welfare, and global temperatures.4 In order to satisfy the increased 

power demand, especially during peak loads, global power generation capacity must increase by 

approximately 2,500 GW ï which more than the current power generation capacity of the United 

States (U.S.), Europe, and India combined.4 Considering that the power sector is a major source 

of environmental impacts, cities are critical intervention points for reducing the massive impacts 

humanity is having on the planet. 

1.2 Distributed energy generation for sustainable and resilient energy infrastructure 

Energy infrastructure involves complex interactions between policy, energy resources, 

and energy generation and storage systems, all driven by human behavior, resource availability, 

and environmental impacts (Figure 1.1). These choices have long-term effects that impact the 

environment, human well-being, and the energy resilience of nations. One strategy for 

developing a more sustainable and resilient energy grid is distributed energy generation (DEG).  
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Figure 1.1. The interrelations of the energy system.  

Each subsystem is dependent on resource availability (orange) and energy policies (purple). 

Accordingly, energy utilities have a choice of methods to meet demand (teal) via the 

combination of energy generation (blue) and energy storage systems (green). How the demand is 

met and/or managed dictates the impacts (yellow) that later inform policy adoption. 

DEG systems may include solar photovoltaics (PV), energy storage, and combined 

cooling, heat, and power (CCHP) systems. DEGs are often thought to reduce environmental 

impacts and increase the resilience of energy infrastructures. Combined heat and power (CHP) 

systems, for instance, have a higher conversion efficiency than conventional thermoelectric 

power plants because they can produce useful heat and electricity from a single fuel source. 

Since CHPs are also dispatchable ï that is, they can generate energy on-demand ï they can also 

power buildings and critical infrastructures in the event of a blackout or brownout. Similarly, PV 

systems are also operationally carbon neutral; however, they usually require energy storage or 

net-metering policies to mitigate their intermittent nature. Considering these two overarching 

objectives (i.e., sustainability and resilience), policy-makers, designers, and operators have many 
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considerations and options to create the best energy infrastructure for the coming decades. To 

this end, many policies have been implemented around DEG. A short discussion is provided 

below. 

1.2.1 Distributed energy generation policies 

The increased popularity of renewable energy resources over the past several decades has 

significantly impacted regulation frameworks to reduce barriers for their adoption. The Federal 

Energy Regulatory Commission (FERC) has issued several key orders since the year 2000 to 

encourage the deployment of renewables in the U.S. Several are worth mentioning. FERC Order 

890 (2007) targeted the transmission network to provide open-access tariffs for new generation 

to participate in the market, which affected large scale solar PV and wind power plants.5 FERC 

Order 745 (2011) required independent system operators (ISOs) and regional transmission 

organizations (RTOs) to pay customer-side capacity resources including demand-response and 

distributed energy resources.6 FERC Order 1000 (2011) drastically impacted how ISOs and 

RTOs plan and pay for new transmission and distribution assets by allowing technologies other 

than transmission lines to be considered as power transfer assets (i.e. DEGs).7. Finally, FERC 

Order 755 (2011) required ISOs to consider the creation of programs to reward ófast-respondingô 

resources.8  

The most popular renewable energy resources, solar and wind, are not dispatchable. To 

mitigate the inherent intermittent and uncertain nature of solar and wind, other mechanisms are 

needed to match generation with demand. With low levels of renewable generation, traditional 

generation resources (i.e., fossil fuels) are the primary balancing authority. As renewable 

resource penetration increases, the ability of traditional generation to handle this becomes 

tenuous. Natural gas-fired power generation, energy storage systems, and demand response 
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provide flexibility in power demand to help counter the intermittency of renewable resources.9 

Since CHP systems can be natural gas-fired, they are often thought of a mature low-risk method 

to supply the flexibility needed to promote the adoption of renewable systems  

CHP adoption in the U.S. was initially incentivized by the Public Utilities Regulatory 

Policies Act (PURPA), which compelled utilities to purchase electricity from cost-competitive 

independent generators.10 However, the Energy Policy Act of 2005 removed this restriction and 

forced independent generators to sell on competitive markets.10 Currently, the adoption of CHP 

systems is still incentivized in most states within the U.S.10,11 Financial incentives for CHP 

systems in the U.S. include bonds, commercial property assessed clean energy programs 

(PACE), electric and gas utility rates, feed-in tariffs, grants and rebates, investment tax credits, 

loans, and net-metering policies.11 But despite all these benefits, there are still financial and non-

financial barriers for CHP adoption in the U.S. relative to other countries. Denmark and Russia, 

for instance, supply 50% and 30% of their total electricity through CHP systems, whereas only 

8% of the U.S. power supply comes from CHPs.10 Moreover, over 60% of the CHP capacity is 

installed in industrial facilities (i.e., petroleum refining, chemical manufacturing, and paper-and-

pulp) with very little potential for growth.10 To incentivize the adoption of CHP systems, states 

and municipalities need to address key financial and non-financial barriers.  

State-by-state financial barriers for CHP adoption include high standby rates, project 

financing, and spark spread ï the difference in cost between purchased electricity and the cost of 

natural gas needed to produce electricity.10,12  Most of the U.S. is subject to an unfavorable spark 

spread, meaning that electricity prices are low and natural gas prices are high.10 In order to 

mitigate this and other financial barriers, Brown and Herrera recommend increasing investment 

tax credits, removing the system capacity limitations, and including CHP systems in clean 
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energy portfolios.12 Non-financial barriers for CHP adoption include: 1) disagreements in the 

business model of the electricity provider, especially with for-profit investor-owned-utilities; 2) 

negative subjective impressions based on anecdotal evidence stemming from lack of knowledge 

or experience; and 3) managing the risks and benefits from multiple cost and revenue streams, 

where separate customers will use the heat and electrical outputs of CHP systems.10 Addressing 

non-financial barriers requires states to aid would-be consumers with complex agreements on 

ownership, CHP Technical Assistance Partnerships, stable interconnection standards and standby 

rates, and flexibility with long-term agreements to minimize the risk of stranded assets.  

1.3 Literature review on the environmental impacts of distributed energy systems 

Previous studies suggest that the adoption of distributed CHPs may increase energy 

systemsô resilience to blackouts or brownouts,13,14 and reduce GHG and air pollutant 

emissions,13,15ï19 water-for-energy consumption,15,16,19 and fuel consumption18,20ï22 associated 

with electricity generation when compared to the previous U.S. electricity grid mixes. Angrisani 

et al. studied the potential of internal combustion engines for a CHP system from a utilization 

rate, economic, and air pollution point of view.22 Yan et al. developed a parametric cost-benefit 

model for a distributed CHP system and showed that the lifecycle water consumption and sulfur 

dioxide emission are much lower for CHP compared to grid electricity.19,23 Cappa et al. 

compared the technical and economic performances of a proton exchange membrane fuel cell to 

an internal combustion engine for CHP under a residential energy supply scenario.14 A few 

studies have compared the life cycle impacts of a centralized NGCC to distributed CHPs but they 

do not consider how the energy outputs apply to the energy demands of buildings, which may 

limit how the energy outputs of CHPs are used.20,21,24 For instance, CHPs can be coupled with 

absorption chillers (ABCs) to supply cooling loads to commercial buildings and industrial 
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plants.25 Unlike electrically-driven air conditioners, ABCs are heat-driven systems that use a 

binary refrigerant-absorbent solution to absorb heat from hot water, steam, or combustion 

exhaust to chill water.25 Contrary to the cited studies above, Berrill and Hertwich found that the 

environmental benefits of CHP systems over separate heat and power systems in the U.S. are 

substantially dependent on the region, and may, in many cases, exacerbate GHG emissions.24  

Outside of air emissions, energy systems are known to consume large amounts of water. 

The power grid, for instance, consumes water directly through power generation (i.e., through 

cooling towers)26 and indirectly through upstream cycles associated to fuel production, refining, 

and distribution.27 On the basis of power generation, CHP and PV systems are advantageous in 

that they do not consume water during operation. Accordingly, many studies that evaluate the 

water-footprint of CCHP systems tend to assume that water consumption is negligible. 15,16,19,23 

This poses a problem because absorption chillers ï which are typically coupled with CHP 

systems ï use a cooling tower to reject heat into the environment, and thereby consume water.25 

Many studies regarding ABCs: develop detailed phenomenological models or algorithms to 

optimize ABC performance;28ï35 assess the energetic and exergetic efficiency of different ABC 

configurations or working fluids;32,35ï37 and, evaluate the ABCsô environmental and economic 

performance when coupled with renewables, cogeneration, trigeneration, and industrial 

systems.16,18,19,38ï44 Most studies that incorporate climate variation into their models tend to focus 

on the performance of the ABC under different climates33,45,46 or on coupling the ABC with solar 

thermal energy as the prime mover.40,42 Unfortunately, the findings of these studies do not 

provide much insight into the water-for-cooling consumption that is associated with ABCs.  
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1.4 Research objectives 

This research bridges the gap between energy planning and climate change 

mitigation/adaptation by investigating two understudied areas regarding CCHP systems, i.e., the air 

emissions and water consumption of distributed CCHP systems within various climates and power 

regimes. The research objectives are as follows:  

1. Develop energy-balance models of hybrid energy systems composed of the 

centralized power grid, conventional heating-and-cooling equipment, CCHP systems, 

and on-site renewable power generation. 

2. Evaluate how different DEG combinations impact energy reliability, greenhouse gas 

emissions, conventional air pollutant emissions, fuel consumption, and water 

consumption. 

3. Identify the dominant drivers for each impact as they relate to the DEG technologies 

and their operating parameters. 
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CHAPTER 2. COMBINED HEAT AND POWER MAY CONFLICT WITH 

DECARBONIZATION GOALS ï AIR EMISSIONS OF NATURAL GAS 

COMBINED CYCLE POWER VERSUS COMBINED HEAT AND 

POWER SYSTEMS FOR COMMERCIAL  BUILDINGS  

2.1 Chapter Summary 

This study compares the environmental impacts of a centralized natural gas combined 

cycle (NGCC) versus a distributed natural gas-fired combined heat and power (CHP) energy 

system in the United States (U.S.). We develop an energy-balance model in which each energy 

system supplies the electric, heating, and cooling demands of 16 commercial building types in 16 

climate zones of the U.S. We assume a best-case scenario where all the CHPôs heat and power is 

allocated toward building demands to ensure robust results. We quantify the greenhouse gas 

(GHG) emissions, conventional air pollutants (CAPs), and natural gas (NG) consumption. In 

most cases, the decentralized CHP system increases GHG emissions, decreases CAP emissions, 

and decreases NG consumption relative to the centralized NGCC system. Only fuel cell CHPs 

were able to simultaneously reduce GHGs, CAPs, and NG consumption relative to the NGCC-

based system. The results suggest that, despite their energy efficiency benefits, standard 

distributed CHP-based systems typically do not have enough benefits versus an NGCC-based 

system to justify a reorganization of existing infrastructure systems. Since fuel cell CHPs can 

also use hydrogen as a fuel source, they are compatible with decarbonized energy systems and 

may aid in the transition towards a cleaner energy economy. 
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2.2 Background and Motivation 

To mitigate the energy sectorôs environmental impacts, experts suggest increasing energy 

efficiency and decarbonizing our energy sources.47 Historically, debates regarding coal 

displacement from the United States (U.S.) energy mix suggested that highly efficient natural gas 

(NG) was a good alternative because it emits approximately half as much carbon dioxide (CO2) 

as coal per unit of combustion energy.48 Between 2011 and 2019, 103 coal-fired power plants in 

the U.S. have been converted to or replaced by natural gas combined cycle power plants (NGCC) 

ï which use steam and gas turbines to produce electricity.49,50. Since energy use to electrify and 

heat commercial & residential buildings constitutes over one-third of U.S. greenhouse gas 

(GHG) emissions,47,51 distributed combined heat and power (CHP) systems may present an 

advantage over NGCC by improving the overall conversion efficiency.  

CHPs couple a prime mover ï the primary mechanical or electrochemical method of 

energy conversion ï with a heat-recovery unit to recover and reallocate waste heat. Therefore, 

CHPs may provide an overall conversion efficiency that is higher than that of conventional 

thermal power plants (TPPs).52 Conventional TPPs are sized to supply the electricity needs of 

cities, consume water to reject heat,52 and are often situated outside of city limits ï and power 

losses increase with transmission distance.53 We refer to this paradigm as ócentralizedô power 

generation. In comparison, CHPs are typically placed near the end-user to allocate recovered 

heat to satisfy the userôs thermal demands (e.g., in large building complexes like hospitals and 

campuses).52 We refer to this paradigm as ódistributedô energy generation, where multiple 

generators can take the role of óminiô power plants throughout a city to supply electricity and 

heat.  
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Previous studies suggest that the adoption of distributed CHPs may increase energy 

systemsô resilience to blackouts or brownouts,13,14 and reduce GHG and air pollutant 

emissions,13,15ï19 water-for-energy consumption,15,16,19 and fuel consumption18,20ï22 associated 

with electricity generation when compared to the current U.S. electricity grid mix. Angrisani et 

al. studied the potential of internal combustion engines for a CHP system from a utilization rate, 

economic, and air pollution point of view.22 Yan et al. developed a parametric cost-benefit model 

for a distributed CHP system and showed that the lifecycle water consumption and sulfur dioxide 

emission are much lower for CHP compared to grid electricity.19,23 Cappa et al. compared the 

technical and economic performances of a proton exchange membrane fuel cell to an internal 

combustion engine for CHP under a residential energy supply scenario.14 A few studies have 

compared the life cycle impacts of a centralized NGCC to distributed CHPs but they do not 

consider how the energy outputs apply to the energy demands of buildings, which may limit how 

the energy outputs of CHPs are used.20,21,24 For instance, CHPs can be coupled with absorption 

chillers to supply cooling loads to commercial buildings and industrial plants.25 Unlike 

electrically-driven air conditioners, absorption chillers are heat-driven systems that use a binary 

refrigerant-absorbent solution to absorb heat from hot water, steam, or combustion exhaust to 

chill water.25 Contrary to the cited studies above, Berrill and Hertwich found that the 

environmental benefits of CHP systems over separate heat and power systems in the U.S. are 

substantially dependent on the region, and may, in many cases, exacerbate GHG emissions.24 

Hence, more research is needed to identify when CHPs reduce the environmental burdens of 

building energy consumption.  

In this chapter, we compare the air emissions of a hybrid energy system (HES) ï which 

incorporates distributed CHPs and/or absorption chillers ï to the lowest impact NG-based 
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alternative that we refer to as the conventional energy system (CES). Our scope is limited to 

commercial building applications in 16 U.S. cities.54  We define the CES as an energy system 

that uses presently common technologies and system configurations. We developed an hourly 

energy balance simulation model for HES and CES to meet the build energy demand.  Within the 

CES, electricity is supplied by an NGCC power plant and heat is supplied by a natural gas-fired 

furnace or boiler, and the cooling demand is met by an electric chiller. In practice, the CES 

would likely include a combination of renewable and non-renewable energy sources; thus, this is 

organized around a óbest caseô for CHP to ensure robust results or a similar comparison. To 

compare the CES to the HES we calculate the operational GHG emissions (i.e., CO2, methane 

(CH4), and nitrous oxide (N2O)), conventional air pollutant emissions (i.e., carbon monoxide 

(CO), nitrogen oxides (NOX), particulate matter (PM), sulfur dioxide (SO2), and volatile organic 

compounds (VOC)), and NG consumption.  

2.3 Materials and Methods 

2.3.1 System Configuration 

Figure 2.1 shows the system configuration for our CES and HES. In the CES, electricity, 

heating, and cooling are supplied by an NGCC plant, an NG-fired boiler, and an electrical air 

chiller (using electricity from the NGCC)), respectively. The HES is similar, but a fraction of the 

electricity is supplied by a CHP, the heat from the CHP substitutes the boiler heat to the extent 

such heat is available, and heat from the CHP is also utilized for an absorption chiller (ABC) that 

supplies the cooling. The adoption of a CHP or ABC does not necessarily substitute its 

counterpart. For instance, a building with a CHP may still draw electricity from the grid (which 

we assume is electrified by an NGCC) or heat from an onsite natural gas-fired boiler in cases 

where the CHP does not provide enough energy to satisfy the building loads. Accordingly, we 
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assume that buildings are connected to a CHP network, where a single CHP supplies heat and 

electricity to multiple buildings. Although the investment cost for redundant CES and HES 

technologies may be relatively high, the O&M cost can be reduced if the building reduces its use 

of the electric chiller and NG-fired boiler. Since existing commercial buildings may already have 

CES infrastructures, the investment cost of refurbishment to HES infrastructures may be 

economically impractical. Nonetheless, we limit our study scope to the environmental impacts of 

the CES and HES. 

 

Figure 2.1. System configurations of the conventional energy supply (CES) ï highlighted in the 

gray boundary ï and the hybrid energy supply (HES) which can include all the technologies that 

are shown.  

The solid arrows represent the energy flows from conventional technologies and the dotted 

arrows represent energy flows from alternative technologies. A larger version of this figure is 

available in the supplementary information (see Figure A.4 and Figure A.5). 

2.3.2 Assumptions and Data Sources 

2.3.2.1 Cities and Buildings 

We used the U.S. Department of Energy (DOE) simulated demand energy profiles for 16 

commercial reference buildings in each of the 16 representative cities of the U.S ï which 

represent one of the 16 U.S. climate zones.55 These energy demand profiles were generated 

through a collaborative effort of the DOE and three of its national laboratories in 2011 ï see 

Deru et al (2011) for a detailed methodology.54 Attributes from each city are presented in the 
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supplementary information (APPENDIX A) (Table A.1, Figure A.1, and Figure A.2). As of 

2011, these commercial reference buildings represented the characteristics of over 60% of the 

commercial building stock in the U.S. and served as hypothetical models of their ideal 

operation.54 We assume that all building energy demands match the commercial reference 

building models,54 and adopt the NREL simulated demand reference period of 2004 ï 2014.    

2.3.2.2 Conventional Energy System 

The CES supplies energy through grid-level electricity, an NG-fired boiler, and an electrical air 

chiller (AC). We assume that all grid electricity is supplied by an NGCC because it is the most 

efficient fossil fuel-fired centralized power plant that uses the same fuel as a CHP, thus, we 

compare CHP performance to the likely-best-case alternative NG-performance. Moreover, when 

all emissions are allocated to electricity production, NGCCs emit less CO2 than most CHPs per 

unit of electricity generated.52,56  

 The performance metrics for the NGCC were gathered from the 2020 Annual Technology 

Baseline56 and the Argonne National Laboratory (Table A.2).57 The performance metrics of 

conventional heating and cooling equipment were obtained from the U.S. Energy Information 

Administration (EIA)58 and Deru and Torcellini (see Table A.3 through Table A.5).59 We assume 

that the buildings use a base-model commercial rooftop air conditioner with a coefficient of 

performance (COP) of 3.4 and an NG-fired boiler with a 99% efficiency. 

2.3.2.3 Hybrid Energy System  

The HES supplements the CES by adding a CHP and/or an absorption chiller (ABC) (Figure 

2.1). The EPA catalogs the performance of five CHP classes: (1) reciprocating engine, (2) gas 

turbines, (3) steam turbines, (4) microturbines, and (5) fuel cells.52 The rates of fuel 

consumption, electricity and heat generation, and emissions outputs depend on the 
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thermodynamic cycle of each CHP (see Figure A.3 and Table A.6).52 Steam turbines were 

excluded in this analysis because they are typically limited to industrial applications rather than 

commercial applications ï our studyôs focus. For model simplification, we assume that each 

CHP operates at capacity and has a constant emission and NG consumption rate, efficiency, and 

heat-to-power ratio (HPR) (Table A.6).  This assumption is fairly optimistic since it ignores the 

fact that there may not be any demand for the generated heat which would reduce our overall 

system efficiency. Rather, our simulations represent a óbest-case scenarioô in which all of the 

energy is allocated to the commercial buildingsô energy demands and indicate the upper limit for 

the environmental benefits of our HES.  

We assume that ABCs couple with either the CHP or the onsite NG boiler to assess the 

benefits and drawbacks of each technology. In cases where a CHP or other primary heat source 

cannot supply the ABC with the amount of heat demanded, an auxiliary boiler can be used to 

supply hot water to the ABC.34,40 Previous studies assume that CHPs and ABCs are coupled (i.e., 

combined cooling, heating, and power ï or CCHP) to exploit the CHPôs heat output during 

warmer months. However, this approach obscures the added benefits of each technology. By 

decoupling the CHP and the ABC, we implicitly question whether NG electricity or heat is better 

to cool buildings. ABCsô viability is typically dismissed compared to electric chillers because 

they have a lower coefficient of performance (COP) and have higher capital costs.60 These 

concerns might not reflect environmental and economic performances because 1) ACs do not 

consider upstream energy losses in the COP calculation; and, 2) ABCs may lead to a quicker or 

comparable payback period through lower operating costs.60 It is worth noting that electrifying 

all building services ï including heating and cooling ï has the advantage of enabling cleaner 

future conditions as the grid decarbonizes, which is not true for a natural gas CHP heat-
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dependent infrastructure. We use a single-stage ABC with a COP of 0.7. We exclude two-stage 

ABCs (COP Ó 1.35) because we do not model the type of heat output from the CHPs (i.e., hot 

water, steam, or direct exhaust) and this is beyond our present scope. A two-stage ABC would 

likely reduce the amount of heat required to cool a building relative to the single-stage ABC and 

this assumption limits the robustness of our general results. In cases where the CHP cannot 

supply the buildingôs heat demand, an onsite NG boiler supplies the remaining heat demand. 

2.3.3 Modeling 

For a full description of the energy balance model and calculations, see Section A.2. of 

APPENDIX A. 

2.3.3.1 Supply and Demand 

We aggregate the hourly building energy demands into either electricity (E), heating (Q), or 

cooling (C). Technologies i, j, and k supply electricity, heating, and cooling, respectively, at each 

timestep as shown in equations (2.1) through (2.3).  

 Ὁ Ὁ 2.1 

 ὗ ὗ 2.2 

 ὅ ὅ 2.3 

By inequality (2.2) our system may generate more heat than is required to meet the heat 

demand of a building. For instance, a CHP with a high heat-to-power ratio may produce more 

heat than is required for the building when supplying the electricity demands at a given time. In 

these cases, we assume that surplus heat is reallocated to other buildings. Depending on the 

distributed heat network, flow media, and insulation properties, distributed heating and cooling 

systems may lose between 1% and 34% of their energy in distribution.61ï63  In keeping with our 
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interest in realistic but best-case CHP conditions, we use the Swedish average distribution loss of 

10% distribution loss for all heating and cooling supplied by the CHP and the ABC.61,62 A longer 

discussion on energy losses for distributed energy systems can be found in Section A.3.6. We do 

not consider electric or thermal energy storage systems.  

2.3.3.2 Impacts and Efficiency 

We calculate the annual emissions for two air pollutant classes: GHGs ï i.e., CO2, CH4, 

and N2O ï and conventional air pollutants (CAP) ï i.e., CO, NOX, PM, SO2, and VOCs. We 

exclude non-operational GHG and CAP emissions because previous articles show that the 

equipmentôs manufacture contribution towards the overall life cycle impacts was negligible 

compared to the other life cycle stages ï i.e., operational emissions, fugitive emissions, and fuel 

acquisition & delivery (FA&D).20,21  

We calculate the total emissions as the sum of the operational and leakage emissions of 

pollutant ὼ minus the avoided emissions (discussed below) using equation (2.4). We use the 

average CH4 leakage rate estimated by Alvarez et al. (2.5%).64,65 We adjust the leakage rates 

estimated by Alvarez et al.65 to represent the fraction CH4 leaked normalized by the gross NG 

withdrawals by assuming that NG is 90%  methane by mass (Table A.7 and Table A.8).66 The 

NG system can be subdivided into four stages: production, processing, transmission, and 

distribution. For leakage values associated with the NGCC, we exclude the distribution stage 

since NG-fired power plants are supplied directly by the transmission pipelines from the NG 

processing and treatment plants.64 We assume that the boilersô and CHPsô NG supply is 

delivered through the NG distribution system, which accounts for approximately 0.11% of 

methane leaks normalized by the gross natural gas withdrawals (Table A.8).64 
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We assume that any surplus heat produced by the CHP is reallocated to meet heat 

demands in other buildings that would otherwise have been provided by an NG-fired boiler. 

Accordingly, we assign CHP emissions or fuel consumption credits (CHP credits) since 

reallocating CHP heat offsets heat generation from an NG-fired boiler. The CHP credits are the 

avoided impacts equivalent in mass to the emissions or fuel that would otherwise be emitted or 

consumed by the NG-fired boiler to produce the equivalent amount of heat. Regarding CH4,
 the 

CHP credits include offsets for avoided leakage (see equation A.28 in APPENDIX A). For 

instance, a commercial gas boiler produces 0.182 kg CO2 per kWhth of heat (Table A.3); thus, 10 

kWhth of surplus heat would displace 1.82 kg of CO2. Because the FA&D phase contributes 

significantly towards the life cycle impacts,20 we calculate the NG (fuel) consumption of our 

system (Ὂ) using equation 2.5. In calculating fuel consumption, we only consider the NG 

consumed onsite and exclude the leakage of NG because the leakage reflects inefficiencies of the 

NG system more so than those of the energy generation methods.  

 Ὡ Ὡȟ  Ὡȟ Ὡȟ   2.4 

 Ὂ Ὂ Ὂ Ὂ  2.5 

 We adapt the Total Fuel Cycle Efficiency (TFCE) metric from Best et al.,18 (equation 

2.6) to quantify the overall system efficiency. The TFCE equals the useful energy output (i.e., 

electricity and heat) divided by the net energy input (i.e., NG). Similarly, we quantify the amount 

of useful energy as the difference between the energy input and the total wasted heat by the 

system (equation 2.7).  
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2.4 Results and Discussion 

We plot the emissions and fuel consumption values against the annual energy demand 

intensity (AEDI), defined as the sum of the annual electricity (Ὁȟ ) and heating demands 

(ὗȟ ) divided by the reference buildingôs floor area. The AEDI for each building in each 

climate zone is shown in Figure A.6 of APPENDIX A. We explore the following scenarios in 

our results: 1) our baseline case (the CES); 2) a CHP supplies all electricity, and an AC supplies 

all the cooling; 3) a CHP supplies all the electricity and an ABC supplies all the cooling. 

2.4.1 Greenhouse Gas Emissions 

Figure 2.2 shows the GHG emissions intensity for all the buildings when CHP supplies all the 

electricity demand. The black line, for reference, represents the CES emissions (i.e., NGCC 

electricity, NG-fired boiler, and an electrical AC system for cooling). To aggregate the GHG 

emissions, we used the 100-year global warming potential (GWP100) without feedback for CH4 

(28) and N2O (265).67 We provide the emissions of CH4, CO2, and N2O and the relative change 

for all GHG emissions in Figure A.11 and Figure A.17.  

 

Figure 2.2. The annual GHG emissions intensity (tonnes CO2eq m-2) for all simulated buildings 

when the CHP supplies all the electricity and the cooling is supplied by (a) an AC or (b) an ABC 

system.  
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For comparison, the black line represents the best-fit line emissions for the CES (R2 = 0.96). The 

color gradient represents the CHP efficiency (ɖCHP) of the prime mover, and the marker type 

indicates the prime mover. Blue markers indicate that an ABC was adopted without being 

coupled to a CHP. 

 Only fuel cells and reciprocating engines reduce CO2 emissions when coupled with an 

AC system ï otherwise, CO2 emissions increase. The fuel cell and reciprocating engine classes 

had the lowest CO2 emissions factors and were on the higher range of the efficiencies, reaching 

greater than 80% conversion of the NG into useful energy. CH4 emissions increase in most cases, 

which we discuss in the óMethane Leakageô section below. The increase in GHG emissions 

relative to the CES is driven by the CHPôs CO2 emissions and by CH4 emissions from increased 

onsite heating and leakage ï especially when an ABC is adopted (Figure A.11 and Figure A.12). 

These results are consistent with previous literature comparing NGCC and distributed CHP 

systems.20,21 When the disparity between the GHG emissions profiles of the AC and ABC 

scenarios is large (Figure A.18), the CHP is not generating enough heat to satisfy the heating and 

cooling loads of the building (Figure A.9).  

Relative to the CES, all CHPs except fuel cells increase GHG emissions when the CHP 

fully displaces the NGCC for electricity supply. Fuel cells ï which constitute 22% of the cases 

(2550 of 11,475) ï reduced GHG emissions in 88% of cases (1119 of 1275) with AC cooling and 

36% of cases (457 of 1,275) with ABC cooling. Other CHP classes may also reduce GHG 

emissions relative to the CES at lower levels of service ï i.e., CHP and the NGCC both supply a 

fraction of the electricity. Relative to the CES, the AC-CHP system increases GHG emissions for 

all combustion CHPs ï reciprocating engines (2% ± 6%), gas turbines (28% ± 13%), 

microturbines (60% ± 72%) ï whereas fuel cells, on average, reduce the relative GHG emissions 

by 7% ± 5%. In cases where we show negative absolute emissions (e.g., negative tCO2 m
-2) we 

mean the system may offset the GHG emissions from an NG-fired boiler, not that CHPs are 
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carbon negative. Similarly, most CHPs increase GHGs relative to the CES when the ABC system 

supplies the cooling ï fuel cells (11 % ± 7%), reciprocating engines (14% ± 18%), gas turbines 

(34% ± 16%), and microturbines (58% ± 58%). 

2.4.1.1 Methane Leakage 

Methane emissions from leakage contribute, on average, more than 30% of the total GHG 

emissions. The CES leakage emissions (38 ± 31 kg CO2eq per m2 of floor area) are 

approximately 36% ± 2.4% of total GHG emissions. Table 2.1 shows the average emissions from 

leakage and the relative change of leakage emissions relative to the CES when the CHP supplies 

all the electricity demand. The ABC system increases onsite heat demand, onsite NG demand, 

and subsequently, leakage from the NG system. This is consistent with previous studies.20,21  

If we assume no leakage, reciprocating engines as well as fuel cells can reduce 

operational GHG emissions relative to the no-leakage CES with both cooling systems. Overall, 

GHG emissions decrease relative to the no-leakage CES in 41% of cases (2,279 of 5,610) with 

AC cooling and 20% of cases (1,134 of 5,610) with ABC cooling.   

Table 2.1. The average GHG emissions (kg CO2eq m-2) from methane leakage and relative 

change of methane emissions from leakage (%) relative to the CES leakage emissions ï in 

parentheses ï when the CHP system supplies all the electricity demand. The values outside the 

parentheses represent the arithmetic mean and standard deviation in kg CO2eq m-2.  

Prime Mover* 

Cooling Scenario 

AC (%) ABC (%) 

None 38 ± 31 0 46 ± 36 (24 ± 21) 

FC 41 ± 34 (10 ± 18) 45 ± 35 (22 ± 21) 

RE 46 ± 38 (24 ± 21) 48 ± 38 (31 ± 20) 

GT 56 ± 46 (52 ± 26) 56 ± 45 (51 ± 21) 

MT 57 ± 46 (56 ± 23) 56 ± 45 (52 ± 19) 

*Note: FC = Fuel Cell; RE = Reciprocating Engine; GT = Gas Turbine; MT = Microturbine 
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2.4.1.2 Global Warming Potential 

Over the past decades, the Intergovernmental Panel on Climate Changeôs GWP estimates for 

methane increased and may continue to do so in the future. The GWPs we used neglect climate-

carbon feedbacks that would otherwise increase the 100-year GWP (GWP100) of methane and 

nitrous oxide by 21% and 12%, respectively. Our analysis shows that a 10% change to methaneôs 

GWP100 corresponds to an average 3.7% change in overall GHG emissions (Table A.9). Relative 

to the CES, sensitivity to the GWP100 is lower for all combustion-based CHPs and higher for fuel 

cells. Initially, this might suggest that at higher GWPs, CHPs are more beneficial since they 

offset more heat generation from NG-fired boilers. However, under the 20-year GWPs (CH4 ï 84 

and N2O ï 264)67 ï a 200% increase in methaneôs GWP100 values - only fuel cells reduce GHG 

emissions relative to GWP20 CES. Under the best-case scenario (CHP with AC cooling), GHG 

emissions drop in 17% of the cases (976 of 5,610), which is approximately half of our GWP100 

results (1,785 of 5,610). Accordingly, the GWP values are heavily influential in the decision 

criteria as methane leakage has a higher weight. These results indicate that combustion-based 

CHPs are generally ineffective as an NGCC replacement to reducing GHG emissions for 

commercial buildings, and agree with Berril and Hertwich.24 

2.4.2 Conventional Air Pollutants 

The dominant drivers for CO and NOX emissions are heat demand and supply, and 

electricity demand and supply are the dominant drivers for PM and SO2 emissions. In cases 

where we show negative absolute CAP emissions, we mean the system may offset the CAP 

emissions from an NG-fired boiler, not that CHPs are absorbing CAP emissions. Figure 2.3 

below shows the annual NOX emissions intensity for all buildings simulated. The CO emission 

trends (Figure A.21) are similar to those for NOX
 (Figure 2.3). The NG-fired boilerôs CO 
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emissions factor is approximately four times larger than the NGCC, while the NOX emission 

factor is nearly three times larger (Table A.2 and Table A.3). Compared to the NG-fired boiler, 

most CHPs have smaller NOX emissions factors (Table A.6). When paired with an AC system 

for cooling, CHPs offset heat generation from an NG boiler and subsequently reduce the overall 

emissions of CO and NOX in over 99% of our cases. The coupled CHP and ABC may increase 

CO and NOX emissions where the CHP cannot meet the heat demands (.). In these cases, the 

CCHP combo reduces CO and NOX in over 70% of the cases. CHPs with high HPRs and fuel 

cells reduce CO and NOX the most because more NG-boiler heat is offset, and they have 

negligible CO and NOX emissions, respectively.  

 

Figure 2.3. The annual NOX emissions intensity (g m-2) for all simulated buildings when the 

CHP supplies all the electricity, and the cooling is supplied by (a) an AC or (b) an ABC system. 

The black line represents the best-fit line of the CESô NOX emissions for the CES (R2 = 0.98). 

The color gradient represents the CHP efficiency (ɖCHP) of the prime mover, and the marker type 

indicates the type of prime mover used. Blue markers indicate that an ABC was adopted without 

a coupled CHP. 

SO2 and PM emissions depend on the fuel type used in combustion systems. SO2 

emissions depend on the sulfur content of the fuel and are usually associated with liquid, solid, 

and landfill gas fuels.52 In the case of CHP systems, sulfur can decrease the CHPsô performance 

and lifespan, especially in gas turbines and fuel cells.52 To mitigate these losses, sulfur is 
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typically removed before NG is fed to the CHP using sulfur adsorbent bed catalysts.52 PM 

emissions are a carryover from non-combustible constituents in the fuel or the incomplete 

combustion of larger molecular weight hydrocarbons.66 We assume only the CHP system fuels 

undergo a desulfurization process and that PM and SO2 are primarily emitted by the NGCC and 

the NG-fired boiler.52 Because the NG-fired boiler has a lower emissions factor for both PM and 

SO2 than the NGCC (Table A.2 and Table A.3), adopting an ABC for cooling reduces their 

emissions relative to the baseline. The adoption of a CHP displaces the emissions from both the 

NGCC and the NG-fired boiler and will reduce PM and SO2 emissions (Figure A.24 through 

Figure A.27). Since surplus heat from the CHP offsets heat from another NG-fired boiler, CHPs 

with higher HPRs produce the largest PM and SO2 reductions.  

The assumptions for CHPôs SO2 and PM emissions is based on our literature review and 

the lack of inventory data, which presents a severe limitation. The disparity of inventory data 

regarding the SO2 and PM emissions of NGCCs and CHPs may be a result of the EPAôs Clean 

Air Markets Division monitoring program. Our source for the NGCCôs SO2 emissions factor can 

be traced from NREL to the EIA, to the EPA. Further inspection of the EPAôs Emissions & 

Generation Resource Integrated Database, or eGRID, reveals that out of the 6802 NG units 

reporting emissions data, over 70% estimate their SO2 emissions, while the others do not report a 

source.53 Accordingly, it is possible that the difference in SO2 emissions between the NGCC and 

CHP is negligible. Nonetheless, NGCC power plants are still required to report SO2 emissions 

through the Acid Rain Program. For context, an NGCC produces ~100 times less SO2 than coal-

fired power plants.68 

In most cases, VOC emissions increase when a CHP supplies electricity, and when ABC 

supplies the cooling (Figure 2.4). Compared to an NGCC, the VOC emission factor of all CHPs 
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is an order of magnitude greater ï except for fuel cells and a couple of microturbines with 

negligible VOC emissions (Table A.6). Accordingly, only these fuel cells and microturbines 

reduce VOC emissions relative to the baseline when the AC system supplies the cooling. When 

the ABC system supplies the cooling, only fuel cells reduce emissions below the baseline in 

cases where the CHP generates surplus heat. Accordingly, we find that the dominant driver of 

VOC emissions is the method of energy generation (i.e., combustion vs. electrochemical) and 

emissions control. Fuel cells combust the off-gasses with plenty of excess air (lean-combustion) 

at temperatures high enough to oxidize VOCs and CO, while simultaneously preventing NOX 

formation (less than 1,800°F).52 The remaining CHPs use a catalytic process to oxidize VOCs, 

CO, and NOX. This may benefit regions trying to reduce health impacts associated with air 

pollution, especially since NOx and VOCs are precursors to tropospheric ozone formation. 

 
Figure 2.4. The annual VOC emissions intensity (g m-2) for all simulated buildings when CHP 

supplies all the electricity demand, and the cooling is supplied by (a) an AC or (b) an ABC 

system.  

The black line represents the best-fit line of the CES baseline emissions (R2 = 0.98). The color 

gradient represents the CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates 

the type of prime mover. Blue markers indicate that an ABC was adopted without a coupled 

CHP system. 
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2.4.3 Natural Gas and Total Fuel Cycle Efficiency 

Figure 2.5 shows the NG consumption for each system. These consumption values only consider 

the operational use of NG and do not include the NG lost between the production and 

distribution stages of the NG system. Relative to the CES, NG consumption decreases in 12% of 

cases (673 of 5610) with AC cooling (Figure 2.5a) and 5% of cases (306 of 5610) with ABC 

cooling (Figure 2.5b). Most of the reductions in NG consumption can be attributed to fuel cells 

(80% of cases) and reciprocating engines (20% of cases). Microturbines did not reduce NG 

consumption, and gas turbines reduced NG consumption in only 1 scenario.   

 

Figure 2.5. The annual NG consumption intensity (MWh m-2) for all simulated buildings when 

the CHP supplies all electricity demand and the cooling is supplied by (a) an AC or (b) an ABC 

system.  

The black line represents the best-fit line of the CES baseline emissions (R2 = 0.92). The color 

gradient represents the CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates 

the type of prime mover. Blue markers indicate that an ABC was adopted without a coupled 

CHP system. 

The combustion compressors along the pipeline produce the most upstream emissions in 

the NG systemôs lifecycle due to inefficiencies and incomplete combustion.20 Although we do 

not calculate the FA&D-associated emissions, Mann et al.20 report that the FA&D stage 

contributes to the CHPsô lifecycle GHG (< 20%), CO (> 60%), NOX (> 80%), and VOC (~ 20%) 

emissions assuming a CH4 leakage rate of 1.4% ± 0.5% of the gross NG produced. Since this 
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leakage rate may be underestimated,64,65 the contributions of FA&D towards the overall 

emissions may be higher.  

To better observe trends and changes to the total fuel cycle efficiency (TFCE), we 

separated them by building types (Figure A.30 through Figure A.40). We used logarithmic 

regression to generate the best fit line for the CES (Table A.10). In most cases, the addition of a 

CHP or an ABC increases the TFCE because they decrease wasted energy (i.e., waste heat from 

the NGCC). Accordingly, the TFCE may increase regardless of increased or decreased NG 

consumption. Rather, higher TFCE values are found alongside higher efficiency CHPs (Figure 

A.30 through Figure A.40). On average, a CHP and an ABC increase the TFCE because more of 

the combustion energy is allocated towards the demands. On average, the TFCE increased by 

24% ± 16% relative to the baseline in 97% (5,441 of 5610) and 98% (5524 of 5610) of the cases 

for AC and ABC cooling, respectively. Fuel cell CHPs produced the highest TFCE values ï 87% 

and 92% for AC and ABC cooling, respectively. These results conform with a review by Elmer 

et al.69 

Nonetheless, we identify a major drawback of the TFCE metric. For example, a scenario 

where a building changes from an AC to an ABC without adopting a CHP may increase the 

amount of energy consumed on-site, as previously discussed. However, this transition reduces 

the amount of wasted energy from the NGCC since the heat for the ABC is supplied by the NG-

fired boiler. In this scenario, NG consumption and the TFCE increase. If the goal of the decision-

maker is to reduce NG consumption, the TFCE by itself may misinform stakeholders.  

2.4.4 Comparison 

Compared to a CES that uses an NGCC for power generation, only fuel cell CHPs with a CHP 

efficiency greater than 80% improves on all the metrics considered in this paper. For context, the 
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CHP efficiency for fuel cells ranges from ~75% to 90%.52,69 Since fuel cells can also operate 

hydrogen and biogas, they may reinforce a renewable energy transition especially if hydrogen is 

used as the energy storage medium for intermittent solar and wind power.70 To improve the 

performance of distributed CHP systems, one may instead try to match the community profile to 

the CHP energy outputs.18 A stronger focus should be placed on evaluating CHPs for district 

heating and cooling applications. We summarize our results in Table 2.2 below. 

2.4.5 Limitations and Uncertainty 

This study has limitations and uncertainties. First, we only investigate NG-based systems. 

By comparing a CHP-based system to an NGCC-based system, we exclude advances in 

decarbonization, which may make CHPs irrelevant. By opting for a distributed CHP 

infrastructure, cities would commit to a new energy infrastructure that is less compatible with an 

energy supply that is becoming ócleanerô over time (i.e., the electricity grid). If renewable energy 

systems use hydrogen-energy storage, fuel cell CHPs may be an exception because they use 

hydrogen to generate power. The fact that the distributed CHP-based system we studied does not 

necessarily perform well relative even to the NGCC-based system suggests there are not enough 

benefits versus an even cleaner energy system to justify a massive reorganization of 

infrastructure systems, ongoing investments, or decarbonization time frames. 

Second, methane leakage is highly uncertain and varies spatially.64,65,71 Since methane 

emissions from leakage contribute more than 30% towards GHG emissions in our study, the 

regional variability and uncertainty may certainly bolster or weaken the case for distributed 

CHPs. A commitment to a distributed CHP infrastructure would require increased oversight and 

mitigation strategies for methane leakage. We are unsure how these strategies would impact the 

overall lifecycle impacts or costs. The uncertainty of methaneôs GWP compounds leakage 
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emissionsô impact on GHGs.64 As we demonstrated, the choice of the 20- or 100-year GWP 

values has significant impacts on the total GHG emissions and the perceived performance of 

CHPs and the NGCC.  

Table 2.2. Average relative change (%) aggregated by CHP class for the adoption of CHPs and 

absorption chillers, relative to a conventional energy system with an NGCC.  

A detailed summary for each CHP is available in Table A.11. Values less than -100% indicate 

that the system can reduce more emissions than the CES generates by offsetting the emissions 

from additional NG-fired boilers, not that CHPs are absorbing the emissions. 

CHP 

Class 

GHGs Criteria Air Pollutants NG 

Cons. 
TFCE 

CO2 CH4 N2O CO NOX PM SO2 VOC 

FC -12* 10 -102 -133 -173 -114 -102 -111 7 33 

GT 21 51 -107 -141 -209 -133 -106 165 47 13 

MT 64 55 -109 -172 -241 -143 -108 110 51 18 

RE -5* 23 -105 -72 -156 -126 -104 666 21 30 

ABC Only 25 24 -7 76 153 29 -8 72 23 21 

FC: Fuel Cell, GT: Gas Turbine, MT: Microturbine, RE: Reciprocating Engine, ABC: 

Absorption Chiller 

*: Indicates whether the average trend may reverse when an ABC supplies the cooling load. 

 

We use the model developed in our study to assess the air pollution of centralized versus 

decentralized NG systems in the U.S. This study is also valuable for countries with fossil fuel-

based district heating systems, whose electricity mix remains highly dependent on fossil fuel, 

and may not rapidly transition to renewable energy (e.g., Russia, China, India, and Poland).72ï74 

For instance,  fossil fuels are 98% of Russiaôs energy supply  ï of which 75% is NG ï and China 

is rapidly displacing coal with NG.72,73 This study is also relevant for developing nations in 

Africa that still heavily dependent on fossil fuels (e.g., coal, gas, diesel, and paraffin).75 This 

model can inform policymakers, researchers, and energy system planners alike on the benefits 

and drawbacks of CHP systems given our outlined assumptions and limitations. Since one of the 

major benefits of CHP is offsetting heat generation from other systems in commercial buildings, 

and previous work has also shown that CHP with thermal storage has potential for GHG 



29 

 

emissions,24 more research is needed for improved heat dispatch strategies or thermal storage 

options. The CHPs we studied do not consume water for energy generation,15,76 unlike NGCCs, 

which consume between 100-240 gal per MWhel.
77 More research is needed to evaluate the 

trade-offs of water-for-energy consumption, especially if the electricity grid is expected to 

become less water intensive over time.78 Finally, this model could be improved by analyzing the 

interactions between a distributed CHP, renewables, and storage systems.23  
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CHAPTER 3. THE AIR POLLUTION EMISSIONS OF COMBINED 

COOLING, HEATING, AND POWER SYSTEMS COMBINED WITH 

PHOTOVOLTAIC ENERGY SYSTEMS FOR COMMERCIAL 

BUILDINGS IN THE UNITED STATES  

3.1 Chapter Summary 

This study compares the environmental impacts of distributed energy systems composed 

of combined cooling, heat, and power (CCHP), photovoltaics (PV), and battery energy storage 

versus the current energy system in the United States (U.S.). We develop an energy-balance 

model in which each energy system supplies the electric, heating, and cooling demands of 16 

commercial building types in 16 climate zones of the U.S. We quantify the greenhouse gas 

(GHG) emissions and conventional air pollutants (CAPs). In most cases, the stand-alone PV 

system can reduce GHG emissions more than a stand-alone CCHP system or combined CCHP-

PV system, despite having a higher dependence on grid-generated power. CCHPs can reduce 

CAP emissions only when meeting all of the thermal load; otherwise, CCHPs tend to increase 

CAPs due to the increased heat demand for the onside absorption chiller. The results suggest 

that, despite their energy efficiency benefits, standard CCHP systems may only be beneficial for 

resilience and reliability purposes and future research should focus on evaluating the tradeoffs 

between increased environmental impacts and resilience. 

3.2 Background and Motivation 

Combined cooling, heat, and power (CCHP) systems are often portrayed as sustainable 

and resilient alternatives to the conventional power grid, especially since they have a higher 

energy conversion efficiency than conventional fossil-fuel thermoelectric power plants. 
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However, previous studies ï including our own ï indicate that CCHPs may increase the 

emissions of greenhouse gases (GHGs) and other conventional air pollutants (CAP) relative to a 

more decarbonized U.S. energy grid.24,41 Nonetheless, CCHP systems still hold value in making 

energy infrastructures more resilient. For instance, CCHPs maintained critical services and 

infrastructures operational in New York during the week-long blackout caused by Hurricane 

Sandy.79 Moreover, our previous work suggests that non-combustion CCHPs ï i.e., those that use 

fuel cells are the prime mover ï may be compatible with a ócleanerô energy economy where 

excess renewable energy systems are paired with power-to-gas energy storage (i.e., hydrogen gas 

and methane gas recombination). 

In this chapter, we compare the air emissions of a hybrid energy system (HES) that 

incorporates distributed CHPs, absorption chillers, rooftop PV systems, and battery energy 

storage to the 2020 conventional energy system (CES). We define the CES as the energy system 

that uses presently common technologies and system configurations. In the CES, electricity is 

supplied by the 2020 power grid, heat is supplied by either a natural gas-fired boiler or an 

electric boiler, and cooling is supplied by an electric air-cooled chiller. To compare the CES to 

the HES, we calculate the operational GHG emissions [i.e., carbon dioxide (CO2), methane 

(CH4), and nitrous oxides (N2O)] conventional air pollutant (CAP) emissions [i.e., carbon 

monoxide (CO), nitrogen oxides (NOX), particulate matter (PM), sulfur dioxide (SO2), and 

volatile organic compounds (VOCs)] and independence from the power grid. 

3.3 Materials and Methods 

3.3.1 System Configuration 

Figure 3.1 shows the system configuration for the conventional energy system (CES) and the 

hybrid energy system (HES). In the CES, the electricity is supplied by the grid, heating is 
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supplied by a natural gas-fired boiler, and cooling is supplied by an electric chiller. The CES 

functions as our reference case. The HES is similar, but couples either a (1) CCHP, (2) PV-BES, 

or a combined (3) CCHP-PV-BES system with the grid to satisfy the energy demands of the 

building. A CCHP supplies electricity, heating, and cooling to the building, while the PV-BES 

system only supplies the electricity. Section B.2.1 of APPENDIX B shows the system 

configuration for each scenario separately.  

 

Figure 3.1. System configurations of the conventional energy supply (CES) ï highlighted in the 

gray boundary ï and the hybrid energy supply (HES).  

The solid arrows represent the energy flows from conventional technologies. The dashed arrows 

represent the energy flows from HES technologies. The energy system design is composed of 

decentralized and centralized energy generation technologies. The PV and BES systems are AC-

connected and all conversions are modeled as single-point losses. Accordingly, all electricity 

demands are met from the AC Bus.  

3.3.2 Assumptions and data sources 

3.3.2.1 Energy demands 

We use the electricity, heating, and cooling demand profiles for 16 commercial reference 

buildings within 16 representative cities in the U.S. ï each of which represents one of the 16 

climate zones in the U.S.55 Attributes from each city and reference building type are presented in 

APPENDIX B (Table B.1). We assume that all building energy demands match the commercial 



33 

 

reference building models,54 and adopt the NREL simulated demand reference period of 2004 ï 

2014. 

3.3.2.2 Conventional energy system (CES) 

The conventional energy system (CES) serves as our reference case. The CES supplies 

electricity through the conventional power grid, an NG-fired boiler, and an electrical air-cooled 

chiller (AC). We assume that all grid electricity is supplied to each city by its respective regional 

transmission organization (RTO) or independent system operator (ISO). The US Energy 

Information Administration (EIA) tracks the performance, costs, and emissions of power plants 

all around the US. These power plants inject electricity into three interconnects in the US. Each 

interconnection is regulated by the Federal Energy Regulatory Commission (FERC) and 

overseen by the North American Electric Reliability Council (NERC). Within these 

interconnects, eleven NERC RTOs and ISOs manage, plan, dispatch, and transmit the electricity 

on a minute-by-minute basis (Figure B.1).80 Accordingly, the electricity supplied to a city and 

the subsequent impacts from its generation cannot be attributed to a single power-generating 

facility. Rather, the impacts of grid electricity consumption should reflect the NERC regional 

mix (Table B.4).  

To estimate the emissions from grid-electricity consumption, we use the U.S. 

Environmental Protection Agencyôs (EPA) Emissions & Generation Resource Integrated 

Database (eGRID), which catalogs the environmental performance of power plants in the NERC 

regions.81 These NERC regions are divided into smaller subregions by eGRID to characterize 

grid losses, GHG emissions, and air pollutants (Table B.5).53 The performance metrics of 

conventional heating and cooling equipment were obtained from the U.S. Energy Information 

Administration (EIA)58 and Deru and Torcellini.59 We assume that the buildings use an electric 
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air-cooled chiller with a coefficient of performance (COP) of 3.5 and a natural gas-fired boiler 

with a 99% efficiency. 

3.3.2.3 Hybrid energy system 

The HES couples distributed energy systems (i.e., a CCHP and/or a PV system) to the 

CES, and the CES supplements any deficit energy requirements not met by the distributed 

energy systems. That is, any electricity demand not supplied by the distributed energy system 

would be supplied by the regional grid. The HES supplements the CES in one of three scenarios. 

The first scenario adds a CCHP, which couples a CHP and an ABC to supply electricity, heating, 

and cooling. The second scenario adds a rooftop PV-BES system to supply electricity and an 

electric boiler supplies the heating. The third scenario adds both, a CCHP and a rooftop PV-BES 

system to supply electricity, heating, and cooling. Each scenario is detailed below. 

3.3.2.3.1 CCHP Scenario 

Combined heat and power (CHP) systems are typically operated in one of three ways: 

follow-the-thermal load (FTL), follow-the-electric load (FEL), and an FTL-FEL hybrid. In the 

FTL operation mode, a CHP system operates to meet the hourly thermal energy demand of the 

building. Any electricity demands that are not supplied by the CHP in FTL operation are 

supplied by the power grid. In the FEL operation mode, a CHP system operates to meet the 

hourly-electricity demand of a building. Any heat demands that are not supplied by the CHP in 

FEL operation are then supplied by an onsite boiler. We only evaluate the performance of fuel 

cell CCHPs since our previous study indicates that only fuel cell CHPs can effectively reduce 

GHG and CAP emissions relative to a conventional natural gas-fired combined cycle power 

plant.41. We include both operation scenarios (i.e., FEL and FTL) for the CCHP scenario. 
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 Because heat recovered from fuel cells is typically in the form of hot water or low-

pressure steam,52 we assume that only single-stage absorption chillers can be coupled with each 

CHP. Absorption chillers are like conventional chillers but replace the electric motor with a 

thermal compression system that uses heat as the primary energy input.25 Single-stage absorption 

chillers (COP ~ 0.7) recover the CHPs heat output in the form of hot water or low-pressure 

steam, whereas two-stage absorption chillers (COP Ó 1.35) intake heat in the form of high-

pressure steam or direct exhaust. To simulate the absorption chillerôs energy outputs and input, 

we use the performance data for lithium bromide/water (LiBr-H2O) absorption chillers from the 

DOE factsheets for single-stage absorption chillers.25  

3.3.2.3.2 PV Scenario  

In the PV Scenario, we assume that all building services are electrified; that is, heat is 

supplied by an electric boiler with 98% efficiency (see Table B.3) and cooling is supplied by an 

electric air-cooled chiller. The PV system is coupled with battery energy storage (BES) to supply 

the building with electricity. Each PV system is composed of a roof-mounted PV array and one 

or more inverters. We assume that the PV modules are south-facing and tilted to match the siteôs 

latitude to maximize the amount of solar energy harvested.  To mitigate the PV systemôs 

intermittent nature and the mismatch between the electricity load and the PV electricity supply, 

we couple each PV system with a lithium-ion battery energy system (BES). Specifically, we use 

the Tesla Powerpack which has a built-in battery-inverter (see Table B.8).82 We sized the BES to 

store 72 hours during a typical meteorological year, which is the standard backup power bank 

design size. We assume that any surplus energy generated by the PV system that cannot be 

stored in the BES is either sold back to the grid (i.e., net metering) or curtailed.  
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3.3.2.3.3 CCHP-PV Scenario 

The CCHP-PV Scenario couples a CCHP, a roof-mounted PV system, and a BES. In this 

scenario, the CCHP uses the FTL operation strategy and the PV system is sized to meet the peak 

electricity demands after CCHP power has been allocated. We use the FTL operation strategy for 

the CCHP because there would be no need for solar PV systems if the CCHP operated in FEL 

mode. Similar to the PV Scenario, the BES is sized to store the surplus electricity from the PV 

and the CCHP. In cases where the CCHP system supplies all of the electricity demands, the PV 

and BES systems are omitted and the results are the same as those for the CCHP Scenario. 

3.3.3 Modeling 

3.3.3.1 Energy supply and demand 

In the energy balance model, all hourly electricity (Ὁ), heating (ὗ), and cooling (ὅ) 

demands are satisfied by the included technologies in each scenario (Equations 3.1 through 3.3). 

 Ὁ Ὁ Ὁ Ὁ ȟ Ὁ Ὁ Ὁ Ὁ ȟ  3.1 

 ὗ ὗ ὗ ὗ  3.2 

 ὅ ὅ ὅ  3.3 

The electricity loads (see equation 3.1) include the baseload (Ὁ ) ï i.e., interior 

and exterior lighting, fans, pumps, and miscellaneous equipment - the electrically driven air 

conditioning (Ὁ ), the electrically driven boiler (Ὁ ) ï only in the PV Scenario ï and the 

electricity required to charge the BES (Ὁ ȟ Ȣ). The hourly electricity demand is supplied by the 

electricity grid (Ὁ ), CHP (Ὁ ), PV (Ὁ ), and/or by discharging any stored electricity in the 

BES (Ὁ ȟ ) (Eq. 3.1). EAC was determined by dividing the cooling load (ὅ ) by the 

ACôs COP. Similarly, Ὁ  was determined by dividing the heating load (ὗ ) by its 

electrical efficiency (98%). Ὁ ȟ Ȣ is only greater than zero when the CHP or PV produces 

more electricity than demanded. If at any point the electricity supply is larger than the electricity 
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demand ï including storage ï the electricity is curtailed. The heating loads (Eq. 3.2) include the 

baseload (ὗ ) ï i.e., the amount of heat required for heated ventilation and hot water ï 

and the amount of heat required by the ABC (ὗ ) ï which is determined by dividing the 

cooling load (ὅ ) by the ABCôs COP. The heat is supplied by an onsite NG-fi red boiler, 

an electric boiler, or a CHP ï depending on the scenario. Finally, the cooling load (Eq 3.3) is 

supplied by either the AC (ὅ ) or the ABC (ὅ ).  

3.3.3.1.1 Combined Cooling, Heat, and Power 

CHP performance data is available through the DOE and the EPA for two NG-fired CHP 

classes that are small enough to be deployed at the individual building scale: microturbines and 

fuel cells.52,83 The performance and emission metrics of each CHP system are shown in Table 

B.6. The heat output and fuel input for each CHP system are dependent on its part-load ratio ï 

i.e., the ratio of power output at a given time to nominal power capacity. We calculated the heat 

or power output at a given time using linearized models for each CHP (see B.2.2.1), similar to 

Gopisetty and Treffinger (2017)84 and Gopisetty et al. (2017).85 Since we assume that each 

CCHP system is located onsite, we assume that any thermal energy distribution losses are 

negligible. 

3.3.3.1.2 Solar photovoltaic system 

We simulated the power output of a PV system using the pvlib python module from the 

PV Performance Modeling Collaborative (PVPMC).86 For detailed modeling steps used in pvlib, 

see the PVPMC website.86 The pvlib python module calculates the energy output from a PV 

system using location data (i.e, the effective irradiance, climate conditions, and geospatial 

location) and incorporates validated models to calculate electrical losses (e.g., thermal efficiency 
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losses, AC/DC energy conversion losses, electricity clipping).86 The geospatial and climate data 

are extracted from typical meteorological year files ï see Wilcox and Marion (2008).87  

The PV array for each building is sized to meet the peak-electricity demands of the 

building. We found that the hospital, large hotel, large office, and outpatient healthcare 

commercial reference buildings did not have sufficient roof area for the PV array sized to match 

the peak-electricity demand. Therefore, we designed the PV array to cover most of the roof area 

in these buildings. The PV module and inverter were taken from the National Renewable Energy 

Laboratory (NREL) System Advisor Model (SAM).88 We limited our selection to grid-tied 

inverters in case any surplus electricity is input to the grid for when the systems are grid-

connected. To minimize energy losses from the PV array, each inverter(s) was sized to be 

slightly larger than the nominal PV power output to reduce clipped energy ï i.e., a power output 

greater than the inverter capacity that must be curtailed. For a more detailed discussion on PV 

array sizing or inverter selection, see APPENDIX B section B.1.4.1. 

3.3.3.1.3 Battery energy storage 

For our BES, we chose lithium-ion because it is a mature technology with high round-trip 

efficiencies (85-95%),89 and is likely to remain the dominant technology contingent on electric 

vehicle development.90 The BES system modeled (i.e., the Tesla Powerpack1) consists of pre-

packaged lithium-ion batteries and the battery balance of systems ï a built-in inverter, protection 

system, and charge control.91 The main attributes that control the performance of a battery 

include the round-trip efficiency (ɖRT, Eq. 3.4), storage capacity, depth of discharge, and cycle 

life. The round-trip efficiency quantifies the amount of the energy input into the BES (Ebatt, in) 

that can be extracted (Ebatt, out) in one full charge-discharge cycle following energy losses. The 

storage capacity is the amount of energy (kWh electricity) that can be stored within the battery. The 
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depth-of-discharge quantifies the fraction of the BES storage capacity that can be extracted 

without causing degradation. Accordingly, the BES capacity should be larger than the desired 

energy supply (see Section B.2.3). 

Rather than discounting the energy losses from both the charging and discharging cycles 

of the BES, the losses are discounted during the discharge cycle (Eq. 3.5) under the assumption 

that all of the energy input to the battery under specific constraints detailed in B.2.4.1 is stored 

(Eq. 3.6). For further discussion on the BES constraints and the BES charging/discharging 

algorithm, see B.2.4 and Figure B.12 in APPENDIX B. 

 
–

Ὁ ȟ

Ὁ ȟ
  

3.4 

 Ὁ ȟ ὖ ȟ ὸЎὸ 3.5 

 Ὁ ȟ – ὖ ȟ ὸЎὸ 3.6 

In design, the BES should have a slightly lower voltage than the main power system (i.e., 

CCHP and/or PV) to compensate for voltage drops or unexpected fluctuations. Furthermore, the 

amount of electricity into and out of the battery is limited to the maximum operating power of 

the specified battery.  

3.3.3.1.4 Dispatch 

The dispatch algorithm used is detailed in B.2.5 and shown in Figure B.13 of 

APPENDIX B. In summary, the dispatch algorithm first reads the building and climate data and 

aggregates the electric and thermal loads depending on the boiler and chiller systems (i.e., 

electric or heat driven). Secondly, our algorithm simulates the energy output (heat and power) of 

onsite distributed energy systems (i.e., CCHP and/or PV). If a BES system is present, the 

algorithm will run a separate BES algorithm (see Section B.2.4.1 and Figure B.12 of APPENDIX 

B) to determine the among of electricity charged or discharged. Finally, the algorithm balances 
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the energy demands with the electricity supply. Any excess energy that cannot be stored is either 

dissipated into the environment as heat (i.e., wasted) or sold back to the power grid if the system 

is grid-connected. If the systems are grid-connected, then excess electricity can be injected into 

the power grid and redistributed to other users. If the systems are not grid-connected, they are 

said to be islanded or operating in island-mode, and all electricity supplied onsite can only be 

consumed onsite.  

3.3.4 Environmental impacts 

For each energy generation scenario, we calculated the emissions of greenhouse gases ï 

i.e., carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) ï and five conventional air 

pollutants ï i.e., carbon monoxide (CO), nitrogen oxides (NOX), particulate matter (PM), sulfur 

dioxide (SO2), and volatile organic compounds (VOCs). The emission (‭) of each air pollutant 

(ὼ) was calculated by multiplying the annual on-site energy generation of each technology, ώ, ï 

either electricity (Ὁ) or heat (ὗ) ï by the appropriate emission factor (‭ȟ) ï see Equation 3.7. 

That is, the emissions of the grid and CHP are calculated by multiplying ‭ȟ by the respective 

electricity generation; and the emissions from the natural gas-fired boiler are calculated by 

multiplying ‭ȟ by its heat generation. For power coming from the grid, we must consider the 

grid-loss factor (ὋὒὊ), since the emissions factor applies to energy generated onsite. Since we 

assume that the CCHP, PV, and BES systems are all located onsite, we assume that energy losses 

are negligible. 

 

‐  
‭ὼȟώὉώ

ρ ὋὒὊ
‭ὼȟώὗώȟ ὼ ɴὢȟὥὲὨ ώᶰὣ 

3.7 
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We quantify the air pollutants for island-mode and grid-connected operation modes. All 

energy deficits are supplied by the CES (i.e., the power grid, natural gas-fired boiler, and electric 

chiller). 

3.4 Results and Discussion 

The average GHG and CAP emissions intensity for each scenario with and without net 

metering is shown in Table 3.1. In most cases, the electricity supply is the dominant driver for 

GHG emissions, whereas the climate zone is the dominant driver for CAP emissions. This is 

expected since the GHG emission factors for each ISO/RTO are higher than those for natural 

gas-fired boilers based on each unit of heat delivered ï except for NYUP whose generation mix 

is mostly natural gas (69%) and nuclear (30%) (see Table B.4). Moreover, we narrowed the 

scope of CAP emissions to those produced on-site ï and thus disaggregate them from the power 

grid. The average GHG20
 emissions intensity and unaggregated GHGs (i.e., CO2, CH4, and N2O) 

are shown in Table B.10. 

3.4.1 Greenhouse Gas Emissions 

The annual GHG emissions intensity (kg/m2 of floor area) for eleven of the eGRID 

region corresponding to the 16 representative cities modeled is shown in Figure 3.2 for cases in 

island-mode (a) and grid-connected mode (b). We aggregated the GHGs using the 100-year 

global warming potential (GWP) values without feedback loops for CH4 (28) and N2O (265).67 

The unaggregated GHG emissions are shown in Figure B.14 through Figure B.16 of APPENDIX 

B. GHG emissions grouped by climate zone are shown in Figure B.17 through Figure B.20.  

In island-mode, only the PV scenario reduces GHGs emissions relative to the CES in 

most cases (-52.4% ± 15.4%). Fuel cells can also reduce or match the GHG emissions relative to 

the CES, but only when FEL operation is in place. This is because three of the five fuel cells 
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simulated have heat-to-power ratios (HPR) smaller than 1. That is, they tend to produce more 

electricity than heat at a given time. In places where the cooling demand is high (e.g., climate 

zones 1 through 3) operating a CHP system under FEL increases GHG emissions due to the 

increased heat demand from the absorption chiller that must then be supplied by a natural gas-

fired boiler (see Figure B.17).41 Accordingly, for the given system designs, CHP systems 

operating under FEL may only reduce GHG emissions in cooler climates (i.e., climate zones 5 

through 8). If an electric boiler is used as the auxiliary heat supply for a CCHP-based system, the 

emissions may be lower; however, we did not explore this further in this study. 

Because the HPR of fuel cells tend to be less than 1, under FTL operation, fuel cell CHPs 

may produce an abundance of electricity that will be wasted in island-mode operation. As an 

example, the solid-oxide fuel cell (SOFC) we simulated has a heat-to-power ratio of 0.36 (Table 

B.6) and the hospital reference building has a heat-to-power demand ratio between 3 and 6. This 

results in the wasting of over 87% of the electricity generated by the SOFC in island-mode 

operation. Accordingly, when islanded, the CCHP-PV scenario is just as emissive as the CCHP 

scenario under FTL operation. For context, the CO2 emissions factor for fuel cells ranges 

between 333 and 513 kg/MWhe
52 whereas the CO2 emissions factors for each US power grid 

range between 106 and 692 kg/MWhe for the contiguous US ï but can be higher (750 kg/MWhe) 

when we include Hawaii and Puerto Rico.81 

Grid-connected operation only reduces GHGs when a CCHP system is designed under 

FTL operation for our given constraints because all other systems are designed to match the 

electrical demand. That is, a CCHP in FEL operation will not generate any excess electricity. We 

do not consider the storage or transfer of excess heat in this study. When grid-connected, the 

CCHP scenario under FTL operation can reduce GHG emissions by an average of 41.8%. A 
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CCHP paired with a PV system can reduce GHG emissions by an average of 46.1%. However, 

ISOs/RTOs with low GHG emissions intensities (kg CO2-eq/MWhe), such as NYUP (~ 

106 kg CO2-eq/MWhe), only benefit from PV systems in the context of GHG emissions 

reductions.  

Table 3.1. Summary of the average GHG and CAP emissions intensity for each scenario 

operating in island-mode and grid-connected. 

Scenario 

Impact Category* 

GHG100**  CO NOX PM SO2 VOC 

Reference 139 ± 127 19.9 ± 25.7 23.6 ± 30.5 1.79 ± 2.31 0.133 ± 0.172 1.3 ± 1.68 

C
C

H
P

 F
T

L IM 239 ± 226 0.408 ± 1.46 0 ± 0 0 ± 0 0 ± 0 0.408 ± 1.46 

(83.7 ± 117) (-92.6 ± 58.9) (-100 ± 0) (-100 ± 0) (-100 ± 0) (13.3 ± 899) 

GC 71 ± 108 0.408 ± 1.46 0 ± 0 0 ± 0 0 ± 0 0.408 ± 1.46 

(-41.8 ± 64.3) (-92.6 ± 58.9) (-100 ± 0) (-100 ± 0) (-100 ± 0) (13.3 ± 899) 

C
C

H
P

 F
E

L IM 162 ± 124 44.3 ± 47.1 52.6 ± 55.9 3.98 ± 4.24 0.297 ± 0.316 2.9 ± 3.08 

(27.4 ± 50.6) (945 ± 4790) (945 ± 4790) (945 ± 4790) (945 ± 4790) (945 ± 4790) 

GC 162 ± 124 44.3 ± 47.1 52.6 ± 55.9 3.98 ± 4.24 0.297 ± 0.316 2.9 ± 3.08 

(27.4 ± 50.6) (945 ± 4790) (945 ± 4790) (945 ± 4790) (945 ± 4790) (945 ± 4790) 

P
V

 

IM 69.1 ± 64.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

(-52.4 ± 15.4) (-100 ± 0) (-100 ± 0) (-100 ± 0) (-100 ± 0) (-100 ± 0) 

GC 68.5 ± 64.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

(-53.1 ± 15.9) (-100 ± 0) (-100 ± 0) (-100 ± 0) (-100 ± 0) (-100 ± 0) 

C
C

H
P-

P
V

 IM 237 ± 226 0.408 ± 1.46 0 ± 0 0 ± 0 0 ± 0 0.408 ± 1.46 

(81.4 ± 118) (-92.6 ± 58.9) (-100 ± 0) (-100 ± 0) (-100 ± 0) (13.3 ± 900) 

GC 55.9 ± 101 0.408 ± 1.46 0 ± 0 0 ± 0 0 ± 0 0.408 ± 1.46 

(-46.1 ± 56.1) (-92.6 ± 58.9) (-100 ± 0) (-100 ± 0) (-100 ± 0) (13.3 ± 900) 

*All values - except for GHG100, GHG20, and CO2 -  are in g/m2. The parentheses 

indicate the average percent difference relative to the reference case. 

**GHG 100, GHG20, and CO2 values are in kg CO2eq/m2 

*** IM: Island Mode; GC: Grid Connected 

 

The energy demand and supply simulations for each building and CCHP system 

correspond to a given climate zone, and the impacts corresponding to the air-pollutant emissions 

correspond to each eGRID region. PV generation was only simulated for each of the 16 

representative cities (see Table B.1). Because PV generation depends on the geospatial location, 
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the results do not accurately represent the actual PV generation supply and only serve to identify 

when synergies between the CCHP and the PV system are significant.  

 
Figure 3.2. The annual GHG100 emissions intensity (kg CO2eq / m2 of floor area) for commercial 

buildings in 11 of the 23 eGRID regions for (a) the business-as-usual case in which no net 

metering policies are in place and (b) when net metering policies are in place. The back error 

bars indicate the 95% confidence interval. 

To better understand the trends for each scenarioôs GHG emissions, we calculated the 

GHG emissions for the contiguous U.S. for each climate-zone and eGRID region combination ï 

for a total of 94 eGRID region and climate zone combinations. The GHG100 emissions for each 

system when grid-connected and in island-mode operation are shown in Figure 3.3 and Figure 

B.21, respectively. 
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Figure 3.3. The annual average regional GHG100 emissions intensity (kg CO2-eq/m2) for 

commercial buildings in the contiguous U.S. when systems are grid-connected. 

 

In island-mode (Figure B.21), both the CCHP-FEL scenario and the PV scenarios 

indicate the potential for reducing GHG emissions. However, the combined PV-CCHP system in 

island-mode would only exacerbate GHG emissions, and in some cases double them. When grid-

connected (Figure 3.3), the combined CCHP-PV would provide the greatest reductions in GHG 

emissions by offsetting GHG emissions from highly emissive grids. For instance, MROE and 

SRMW ï highlighted in deep green in Figure 3.3d ï have a CO2 emission factor of 692 and 672 

kg/MWhe, respectively. In these cases, we show that these regions have negative GHG emissions 

ï but we do not mean that they absorb GHGs. Rather, the negative values indicate potential 

offsets to GHG emissions relative to the existing grid. Accordingly, as the grid becomes more 

decarbonized, we would expect any CHP-adopting system to become more emissive. 
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3.4.1.1 Global Warming Potential 

We define GHG100 as the GHG emissions aggregated using the 100-year GWP (GWP100) 

GHG20 as the GHG emissions aggregated using the 20-year GWP20. The choice between GWP100 

and GWP20 only impacts the contribution of CH4 towards the total GHGs, namely because 

GWP20 is 4 times larger than GWP100. Unlike our previous work,41 we do not consider fugitive 

emissions from the adoption of CHP systems; therefore, CO2 makes up a majority of the GHG 

emissions (over 97% for GHG100 and GHG20) and is not particularly sensitive to the GWP of 

CH4 or N2O (see Table B.10). On average, the GHG20 emissions are approximately 0.091% ± 

13% larger than the GHG100 emissions.   

3.4.2 Conventional Air Pollutants 

Based on our assumptions and our localized scope, the CAP emissions of each scenario 

depend on the climate zone and the technologies used to supply heat. Accordingly, any scenario 

in which the natural gas-fired boiler is replaced (i.e., the electric boiler in the PV scenario or 

CHP in FTL operation) reduces most CAP emissions to negligible amounts. VOC emissions are 

the only exception since the VOC emission factor of the fuel cell CHPs and the natural gas-fired 

boiler are in the same order of magnitude.  

Relative to the CES, the CHP system operating in FEL mode tends to increase CAP 

emissions. This is namely due to the increased heat demand for cooling caused by adopting an 

absorption chiller.41 Since fuel cells tend to have smaller HPRs than other CHP systems, they do 

not produce enough heat to supplement the increased cooling demand caused by adopting an 

absorption chiller (1.43 kWhh / kWhc). Any heating deficits are thus supplied by an auxiliary 

natural gas-fired boiler, which results in increased CAP emissions especially in climates with 
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high cooling demands, as shown for CO in Figure 3.4. The trends for CO remain the same for all 

other CAPs, as shown for NOX, PM10, SO2, and VOCs in Figure B.22 through Figure B.25. 

 
Figure 3.4. The annual CO emissions intensity (g / m2 of floor area) for commercial buildings in 

each climate zone in the U.S. for (a) the business-as-usual case in island-mode operation is in 

place and (b) when grid-connection is in place. The back error bars indicate the 95% confidence 

interval. 

 

3.4.3 Grid Power Supply 

The main benefit of distributed energy generation systems is the increased resilience to 

the power grid by providing a redundant power source that can be operated independently at the 

building or community scale. For instance, the inundations caused by Hurricane Sandy left 
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approximately 2 million people without electricity in New York City,92 but power generation 

from CCHP systems maintained the functionality of multiple residential buildings, hospitals, 

universities, and public service facilities (i.e., water treatment plants).79 Accordingly, we 

quantified the average amount of electricity that is supplied by the grid (Figure 3.5) and the 

number of hours in a typical year (out of 8760) in which each building can operate independently 

(Figure 3.6) for the given designs.  

 
Figure 3.5. The average percentage of electricity demand that is supplied by the power grid.  

The solid bars indicate that each technology is deployed individually (i.e., a stand-alone 

microturbine CCHP, fuel cell CCHP, or PV). The cross-hatched bars indicate that the CCHP and 

PV systems were used in tandem, where the colors correspond to the CCHP type. All CCHP 

systems in this figure follow the thermal load. 

The average fraction of electricity supplied by PV systems is shown in Figure B.26, 

separated by building type. Since the PV array size is limited by the buildingôs roof area, they 

cannot generally be oversized. Accordingly, most commercial buildings with rooftop PV systems 

will require electricity inputs from the grid. Figure 3.5 indicates that with PV systems, buildings 

will still need to provide over 60% of their electricity demands from the power grid. 

We do not include CCHP systems operating in FEL in Figure 3.5 and Figure 3.6 because 

can operate independently from the power grid; however, unless an electric boiler is adopted, 
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CCHPs cannot operate independently from the natural gas grid. Although we do not include 

microturbine CHPs in our environmental analysis, we include them in Figure 3.5 and Figure 3.6 

for context since they typically have higher heat-to-power ratios than fuel cells. On average, 

CCHPs in FTL operation would require, less than 20% of the electricity supply from the power 

grid. Although this would help reduce peak-demand generation, our previous research indicates 

that conventional natural gas-combined cycle power plants ï which typically supply peak loads ï 

tend to be less emissive than most CHPs.41 Therefore, if CHP systems are to be considered to 

reduce peak-demand generation from the power grid, we suggest that the topic be investigated 

from a reliability and resilience perspective. 

 
Figure 3.6. The average number of hours per year (8760 hours) that each building can operate 

without energy input from the power grid. The solid bars indicate that each technology is 

deployed individually (i.e., a stand-alone PV). The cross-hatched bars indicate that the CCHP 

and PV systems were used in tandem, where the colors correspond to the CCHP type. All CCHP 

systems in this figure follow the thermal load. 

 CCHP systems that are coupled with PV systems have the highest independence from the 

power grid. As previously discussed, this configuration would only be environmentally 
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beneficial when grid-connected. Accordingly, CCHP-PV configurations may be more reliable at 

community scales rather than individual building scales, as studied here. 

3.4.4 Uncertainties and Limitations 

The work presented does not represent actual energy supply and demand interactions 

between buildings nor does it represent the actual emissions of GHGs and CAPs. Since we only 

modeled the power generation of each system over one year, we do not consider the effects of 

degradation on PV systems, batteries, or CCHPs, which would limit its energy generation 

capacity and efficiency. PV systems, for instance, have an annual degradation rate between 0.5-

0.6%93 and lithium-ion batteries have an annual roundtrip-efficiency degradation of 0.5%.94 

Similarly, the performance of CCHP systems depends on site conditions (i.e., altitude, 

temperature, atmospheric pressure) which would limit its power generating capacity, and will 

experience downtimes for maintenance.52 

 As the power grid becomes ócleaner,ô the environmental benefits of CHP systems 

continue to diminish. For instance, our recent studies have indicated that CHP systems can 

reduce GHG and CAP emissions;15,19 however, renewable additions and the decommissioning of 

coal power plants around the U.S. have made the power grid less emissive since the publication 

of those studies.81 Accordingly, future research should focus on the resilience benefits that CHP 

systems can provide, or on the logistics of power-to-gas storage for fuel cell-PV configurations. 
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CHAPTER 4.  WATER CONSUMPTION FROM ABSORPTION 

CHILLERS IS NOT NEGLIGIBLE: WATER -FOR-COOLING 

CONSUMPTION OF CHILLER SYSTEMS FOR COMMERCIAL 

BUILDINGS IN THE UNITED STATES  

 

4.1 Chapter summary 

This study compares the water-for-cooling consumption of two electric chillers ï an air-

cooled chiller and (ACC) and a water-cooled chiller (WCC) ï to that of a heat-driven chiller ï 

i.e., an absorption chiller (ABC) ï in the contiguous United States. We develop a mass-and-

energy-balance model in which each chiller supplies the cooling demands of 16 commercial 

building types in 15 climate zones of the contiguous US. We quantify the water-for-cooling of 

each chiller within two categories: (1) ócooling and powerô (C&P) ï the sum water consumed 

directly by each chiller and the indirect water consumed for power generation; and (2) ótotalô ï 

the sum of C&P water consumption and the upstream water consumption for power generation. 

Within the C&P category, the ACC, WCC, and ABC consume an average of 2.43, 3.73 ± 0.246, 

and 3.78 Ñ 0.345 m3 per MWh of cooling, respectively. Within the ótotalô category, the ACC, 

WCC, and ABC consume an average of 9.26, 8.32 ± 0.246, and 3.89 ± 0.336 m3 per MWh of 

cooling, respectively. The results suggest that tipping points exist for the water-for-electricity 

consumption of the power grid where the water-for-cooling of the WCC and ABC are equal to 

the ACC. Both tipping points are found only within the ótotalô category, suggesting that the 

WCC and ABC may only reduce water-for-cooling consumption from the lifecycle scope. This is 

important from a water-resources-and-planning perspective because municipalities in water-
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stressed regions are more likely to weigh more localized water consumption (C&P) higher than 

inter-regional water consumption (total). 

4.2 Background and Motivation 

The International Energy Agency (IEA) projects that global space-cooling needs will triple by 

2050 ï relative to the 2016 datum ï driven by rising urban populations, socio-economic welfare, 

and global temperatures.4 Consequently, the IEA baseline scenario ï which assumes lenient 

minimum energy performance standards (MEPS) ï projects that global power generation 

capacity must increase by approximately 2,500 GW to satisfy the increased load for space-

cooling, especially during peak-demand hours.4 For context, this is more than the current power 

generation capacity of the United States (U.S.), Europe, and India combined.4 Unlike 

conventional electric chillers, absorption chillers can meet cooling demands using heat from 

combined heat and power systems (CHP), waste heat from industrial or commercial processes, or 

hot water from solar collectors to produce cooling.25 Since absorption chillers are heat-driven, 

they may operate during peak-demand hours without further burdening the electric power grid.  

 Absorption chillers (ABCs) have a similar thermodynamic cycle to conventional electric 

chillers, but replace the electrically-driven compressor with a thermal compressor that uses a 

saline solution to transfer energy between the external heat source and the refrigerant.25 This 

thermal compressor operates through an absorption-desorption cycle between the refrigerant and 

a saline solution with heat as the primary energetic driver (i.e., prime mover).95 Absorption 

chillers are classified by the working pair (i.e., refrigerant and solute), system configuration and 

cycle, and the heat source for the generator.95,96 Most commonly, steam and hot water that is 

recovered from industrial processes, power generation, and solar water collectors provide the 

heat that drives ABCs. Consequently, many studies regarding ABCs: develop detailed 
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phenomenological models or algorithms to optimize ABC performance;28ï35 assess the energetic 

and exergetic efficiency of different ABC configurations or working fluids;32,35ï37 and, evaluate 

the ABCsô environmental and economic performance when coupled with renewables, 

cogeneration, trigeneration, and industrial systems.16,18,19,38ï44  

 Most studies that incorporate climate variation into their models tend to focus on the 

performance of the ABC under different climates33,45,46 or on coupling the ABC with solar 

thermal energy as the prime mover.40,42 Unfortunately, the findings of these studies do not 

provide much insight into the water-for-cooling consumption that is associated with ABCs. 

Following a refrigeration cycle, absorption chillers must reject heat to supply chilled water, and 

heat is typically rejected to the atmosphere using a cooling tower.25 The heat and mass transfer 

processes within the cooling tower result in the consumption of water ï meaning that water is 

removed from its ecosystem or watershed via evaporation. From the studies we surveyed, only 

Avanessian and Ameri 33 quantify this water-for-energy consumption as ócooling tower makeup 

water,ô which is the amount of water required to maintain a constant cooling water flowrate 

within the AC after evaporative losses, drift, and blowdown.33 A back-of-the-hand calculation of 

these values indicates that 1 ï 2 kg of water is consumed per kWh of cooling that is supplied.33 

Nonetheless, these values represent the peak performance characteristics of the ABC. To 

quantify the operational water-for-energy consumption of the ABCs, we must couple an ABC 

model with the real-time cooling demand and climate conditions. 

 Therefore, the goal of this study is to quantify the water consumption associated with 

various chillers for each climate zone of the contiguous United States (U.S.). To do this, we 

develop an hourly first-law thermodynamic model of an absorption chiller system coupled with a 

cooling tower and simulate the performance over a year. We compare these results to a 
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conventional electric air-cooled chiller, where the main water-consumer is the power generated 

to satisfy the electricity demand of the air-cooled chiller.  

4.3 Methods 

First, we quantified the water consumption of chiller systems for various buildings and climate 

zones. Second, we developed mass and energy balance models to simulate the performance of 

each chiller for a given climate and energy demand profile. Third, we quantify the prime mover 

energy requirements to supply the cooling to each building (i.e., electricity or heat). Finally, we 

quantify the water consumption associated with each chiller under different scenarios using our 

model outputs and available water-for-energy consumption data available from the literature. 

Each of these steps is detailed in the following sections. 

4.3.1 Climate data and building energy demands 

We use the typical meteorological year (TMY3) dataset from the National Renewable Energy 

Laboratory (NREL) for the hourly ambient temperature, humidity, and atmospheric pressure.87 

We used the U.S. Department of Energy (DOE) simulated demand energy profiles for 16 

commercial reference buildings in 15 of the 16 representative cities of the US,  which represent 

one of the 15 climate zones in the contiguous U.S..55 Attributes from each city are presented in 

APPENDIX C (Table C.1 and Figure C.1 through Figure C.3). As of 2011, these commercial 

reference buildings represented the characteristics of over 60% of the commercial building stock 

in the U.S. and served as hypothetical models of their ideal operation.54 We assume that all 

building energy demands match the commercial reference building models,54 and adopt the 

NREL simulated demand reference period of 2004 ï 2014.  
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4.3.2 Reference case and electric chiller simulation 

We simulated the cooling supply of two electric chillers, one air-cooled chiller (ACC), and one 

water-cooled chiller (WCC). Although both use electricity as the prime mover for refrigeration, 

the ACC rejects heat directly into the air while the WCC rejects heat to a cooling-water line that 

then transfers heat and mass (i.e., water) into the atmosphere via a cooling tower (see Section 

C.2.3).  

For our reference case, we assume that each buildingôs cooling demand is supplied by the 

ACC with a coefficient of performance (COP) of 3.5.58 The reference case represents the cooling 

scenario in which electricity consumption is the only source of water consumption. For the 

WCC, we developed an energy and mass balance model (conventional vapor-refrigeration 

cycle)97 of a conventional centrifugal water-cooled chiller (see Figure 4.1a, and Section C.2.3). 

The WCC consists of four main components (i.e., compressor, condenser, evaporator, and an 

expansion valve), one internal circuit (refrigerant 134a), and two external circuits (i.e., cooling 

water and chilled water). Since we only considered a single-stage vapor-refrigeration cycle, the 

WCC we modeled achieves a COP of 5.6. The electricity demand of the WCC includes the 

electricity required by the chillerôs compressor and the electricity required to power the cooling 

towerôs fan. We used cooling tower engineering data from EVAPCO98 to determine the cooling 

towerôs air flow rate and fan-power requirements (see Section C.2.6.2). The WCC represents a 

cooling scenario in which a more efficient electric chiller supplies the cooling demands, but 

water is consumed by two sources: electricity consumption and heat rejection via a cooling 

tower. 
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4.3.3 Absorption chiller simulation 

In our third cooling scenario, cooling is supplied by a single-effect lithium bromide absorption 

chiller (ABC) and the primary water consumption sources are the cooling tower and natural gas 

consumption through a CHP. Figure 2.1Figure 4.1b shows the schematic diagram of the ABC. 

The ABC consists of seven main components (i.e., generator ï or desorber, condenser, 

evaporator, absorber, a solution pump, and two expansion valves), two internal circuits (i.e., 

refrigerant ï water, and the absorbent ï a lithium-bromide (LiBr) solution), and three external 

circuits (i.e., chilled water, hot water, and cooling water). Like the WCC, the ABC is connected 

to a cooling tower that rejects heat from cooling water into the atmosphere through evaporation. 

Under nominal conditions, the ABC we modeled has a COP of 0.69.  

 

Figure 4.1 The refrigeration cycle for the (a) water-cooled chiller and (b) absorption chiller 

modeled in this work.  

Each arrow color represents the refrigerant (orange), cooling water (light blue), chilled water 

(dark blue), aqueous lithium bromide solution (purple), hot water (red), and direction of work 

input and heat input/output (yellow). The water-cooled chiller uses refrigerant 134a, and the 

absorption chiller uses pure water as the refrigerant. The heated cooling water leaving the 

condenser or absorber flows is fed into a cooling tower (not shown); the cooling tower effluent is 

then returned to the condenser or absorber. For a detailed process flow diagram of the water-

cooled chiller, absorption chiller, and cooling towers, see Figure C.5 through Figure C.8. 
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4.3.4 Chiller and cooling tower models 

Detailed methods and assumptions for the WCC, ABC, and cooling tower models are shown in 

Sections 175C.2.3, C.2.4, and C.2.6, respectively. The cooling demand for each building 

(1  ) is supplied by technology Ὧ.  

 ὗ  ὗ  4.1 

We assume that the chillers operate under steady-state conditions. Each chiller was designed for 

500 kW of cooling (kWC) capacity (approximately 140 cooling tons, which is sufficient to cool a 

typical hospital during its peak annual cooling demands).54 Between each component, the mass 

balances of the refrigerant, LiBr solution, cooling water, chilled water, hot water, and dry air are 

expressed in generalized form by equation 4.2, where ά represents the inflow and outflow mass 

flowrates (kg/s) of the fluid.  

 ά ά  4.2 

The energy balance at the inlet and outlet of each component is expressed in generalized 

form by equation 4.3, where Ὤ represents the enthalpy (kJ/kg) of a given state point and ὗ 

represent the heat transfer rate (kW) across the component. 

 ὗ άὬ άὬ  4.3 

4.3.4.1 Prime Movers 

The electricity for the ACC and WCC is supplied by the grid. The energy mix delivered to each 

building depends on the regional transmission organization or independent system operator 

(Figure S3). Accordingly, we use the 2014 eGRID energy mix for each subregion since previous 

studies have quantified the water-for-energy consumption values for this datum (see Table 

C.2).26,27  We use the eGRID2020 grid-loss factors (ὋὒὊ) for each subregion (see Table C.2)81 to 

quantify the amount of electricity produced by a given power-supplier before transmission and 
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distribution losses (Ὁ ). The portion of electricity generated by the power plant to supply the 

ACC is shown in 4.4: 

 
Ὁ

Ὁ

ρ ὋὒὊ
 

4.4 

where,  Ὁ is the electricity demand (kWhCooling) of the chiller to meet the cooling demand. 

Compared to eGRID2014, the eGRID2020 grid-loss factors are, on average, 6.5% higher. For 

example, the gross grid loss for SRSO increased from 5.0% to 5.3% between 2014 and 2020.81 

However, the change in the grid-loss factors between 2014 and 2020 is inconsequential to the 

Ὁ  calculation. In fact, a simple comparison of Ὁ  using equation 4.4 indicates that there is 

less than 0.5% absolute difference when we apply the ὋὒὊ values from 2020 over those from 

2014. 

We assume that the ABC is coupled with a natural gas-fired combined heat and power 

(CHP) system. We quantify the fuel consumption of the CHP that is allocated towards supplying 

the heat requirements of the ABC using equation 4.5: 

 

Ὂ
ὗ ρ

ρ
‌

–
 

4.5 

where, Ὂ  represents the fuel consumption of the CHP (kWhFuel), ὗ  is the heat supplied to the 

ABCôs generator by the CHP (kWhHeat), ‌ is the heat-to-power ratio of the CHP, and –  is the 

cogeneration efficiency of the CHP. Based on equation 4.5 and the CHPsô operational 

parameters (Table C.5), if –  increased or decreased by 10%, ceteris paribus, the CHPôs fuel 

consumption would decrease or increase by 9%. Similarly, if the heat-to-power ratio increased or 

decreased by 10%, fuel consumption would decrease or increase by approximately 4%. We do 

not consider any distribution and transmission losses from the natural gas grid with respect to the 

fuel consumed by the CHP, as was done in our previous study.41  
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4.3.4.2 Distribution losses 

We assume that a single chiller system supplies cooling for several buildings through a chilled-

water network. Previous studies have shown that district heating and cooling systems may lose 

up to 34% of their energy in the distribution of hot and cold water.61ï63,99 To maintain realistic 

but best-case chiller conditions, we use the 10% Swedish average distribution loss to account for 

energy losses in the distribution of chilled water.61,62  

4.3.5 Water-for-cooling 

We use the definitions of water withdrawals and consumption from Grubert and Sanders.26 

Water withdrawals refer to water that is removed from nearby source that may or may not be 

returned. In the context of our chiller systems, the cooling water that transfers heat between the 

chiller and the cooling tower represents the water withdrawal. The cooling water is typically 

recirculated and any losses (i.e., evaporation, drift, or blowdown) are supplemented by ómake-

upô water to maintain a constant flowrate of cooling water. We define water consumption as 

water that is withdrawn from and not immediately returned to its originating ecosystem as part of 

a process (i.e., evaporated to reject heat from a system). We define ówater-for-coolingô 

consumption as water that is consumed ï either directly or indirectly ï to satisfy a given cooling 

demand and we do not distinguish between water sources (e.g., groundwater, surface water, etc.). 

Moreover, we categorize the consumption into one of three scopes (Figure 4.2). In the context of 

chillers, water-cooled and absorption chillers directly consume water by dissipating heat through 

a cooling tower (scope 1). The indirect water consumption associated with chillers varies 

depending on the system scope. In scope 2, chillers indirectly consume water through the 

purchase or acquisition of electricity from the power grid which involves water-consumptive 

processes (e.g., thermoelectric power plants). We refer to the onsite water consumption at the 
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power plant level as point-of-generation (PoG) water consumption. Scope 3 is the indirect water 

consumption upstream processes from the power generation (i.e., fuel acquisition, production, 

processing, and transport).  

 
Figure 4.2. The three scopes of water consumption corresponding to chiller systems.  

Scope 1 represents the direct water consumption from the onsite cooling tower; scope 2 

represents indirect water consumption from power generation at the point-of-generation (PoG); 

and scope 3 represents water consumption of the upstream processes from power generation (i.e., 

primary energy production, processing, and transport).  óCooling and power (C&P)ô water 

consumption refers to the sum of scopes 1 and 2, and ótotalô refers to the sum of scopes 1, 2, 

and 3. 

For the purposes of our study, we define two categories of cumulative water-for-cooling 

consumption. The first category, óCooling and Powerô (C&P), represents the sum of scopes 1 and 

2; that is, the water consumed by the onsite cooling tower and the offsite PoG. The second 

category, ótotal,ô represents the sum of scope 1, 2, and 3; that is, the water that is consumed by 

the onsite cooling tower, offsite PoG, and any upstream processes from the PoG (i.e., primary 

energy production, processing, and transport). We do not include the indirect water consumption 

of any processes associated with material acquisition, manufacture, transportation, construction, 

installation, or maintenance of the chillers. 

Water consumption is calculated by equation 4.6: 

 ὠ ȟ ὠ ȟ Ὁ ȟ ὡzὅὍȟ Ὂ ὡzὅὍ  4.6 

where, ὠ ȟ is the volume of water consumed during the operation of chiller Ὧ; 

ὠ ȟ is the volume of water evaporated (assuming that 1,000 kg of water = 1 m3 of 
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water) from the cooling tower from the WCC and ABC; and ὡὅὍ is the water consumption 

intensity of the grid or conventional natural gas (ὡὅὍ ). We use the water consumption 

intensities reported for each eGRID subregion27 and fuel type 26 (see Table C.2).  

Since the climate zones span over multiple RTOs and ISOs (see Figure C.1 through 

Figure C.4), a single climate zone or eGRID subregion cannot fully represent the water-for-

cooling consumption of each chiller. Accordingly, we produced 94 óeGRID ï climate zoneô 

geographic combinations (see Figure C.4 and Table C.3). The cooling supply and demand 

simulations for each building and chiller correspond to a given climate zone, while the water 

consumption attributed to the electricity supply corresponds to each eGRID subregion. The 

water-for-cooling consumption intensity for the cooling system Ὧ is expressed as: 

 
ὡὅὍȟ

ὠ ȟ

ὗ
 

4.7 

where, ὡὅὍȟ is the volume of water consumed by cooling system Ë to satisfy the cooling 

demands of the building.  

4.4 Results and discussion 

4.4.1 Chiller and cooling tower models 

The thermophysical properties of the water-cooled and absorption chiller models under nominal 

operation are shown in Table C.9 and Table C.17, respectively. Both models have similar 

performance and operational parameters to models found and verified in literature30,31,33,35,100ï102 

and fall within the ranges supplied by chiller manufacturers.103ï107 Under nominal operating 

conditions, the single-stage water-cooled and absorption chillers modeled have COPs of 5.6 and 

0.70, respectively.  

 The cooling tower model used is very simple and does not incorporate packed-bed 

interactions, temperature and moisture gradients, drift, or blowdown that may be found in more 
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detailed cooling tower models.108 Compared to the calculated values from Avanessian and 

Ameri,33 who report between 1 to 2 kg of make-up water per kWh of cooling (kWhC), our make-

up water values range between 1 and 4 kg of make-up water per kWhC. The difference between 

these two values stems primarily from the cooling tower models used and our assumption that 

the air exiting the cooling tower is saturated (see Section C.2.6). The assumption that the air is 

saturated at the exit point results in an overestimation of the actual evaporative losses within a 

cooling tower. The industry standard for the rate of evaporative losses from cooling towers is 

approximately 2% of the water withdrawals (i.e., cooling water flow rate);98 our cooling tower 

model indicates hourly evaporative losses range between 0.1 and 2% of the cooling-water flow 

for the WCC and the ABC. Accordingly, we believe these values to be within a reasonable 

margin of error for our modeling purposes.  

4.4.2 Peak electricity demand 

The averaged-daily peak cooling-electricity demands for the ACC, WCC, and ABC are shown in 

Figure 4.3. Relative to the ACC baseline, the WCC and ABC can reduce peak electricity-for-

cooling demands of commercial buildings by 33% and 93%, respectively. This electricity 

demand includes the electricity requirements of the refrigeration systems, pumps, and cooling 

tower fans. For context, in 2016 space-cooling accounted for over 15% of the total electricity 

demand and approximately 30% of peak-electricity loads in the United States. Of these space-

cooling requirements, the commercial sector accounted for nearly 30% of the electricity-for-

cooling demands.a key driver for the projected increase in space-cooling needs (e.g., urban heat 

island effect, increased energy density), WCCs and ABCs can satisfy increased cooling demands 

and offset power-grid capacity additions ï especially since they can be deployed via district 

cooling schemes.  
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Figure 4.3. Average peak cooling electricity demand intensity (We per m2 of floor area) for air-

cooled chillers (ACC), water-cooled chillers (WCC), and absorption chillers (ABC).  

The sharp drops along each curve represent the commercial building peak-cooling load on the 

weekends; That is, the daily peak cooling demand on the weekends is smaller than the daily peak 

cooling loads during the weekday due to lower occupancy.  

4.4.3 Water consumption 

The absolute average regional water-for-cooling consumption values (m3 of water per MWhC) 

are shown in Figure 4.4 and further detailed in Figure C.11 through Figure C.14. The contiguous 

US-aggregated weighted average water-for-cooling consumption values are shown in Table 4.1. 

We used the area-weighted average to limit the effect outliers from very small regions could 

have on the total population, and thus obtain a better representation of the scope and reach of 

each óclimate zone-eGRID subregionô pair.  

The water-for-cooling values are the most variable for the electric-powered systems (i.e., 

ACC and WCC), namely because the water-for-electricity values are highly variable between 

eGRID regions.27 Within the contiguous U.S., the PoG water-for-electricity consumption ranges 

between 4.27 and 11.7 m3 per MWhe, and the total ranges between 8.13 and 154 m3 per MWhe 

(see Table C.2).27 Given these water-for-electricity consumption ranges, the ACC and WCC 

scope 2 water-for-cooling consumption varied by a factor of approximately 2.5; however, for 

scope 3 the total water consumption varies by factors of 19 and 12 for the ACC and WCC, 
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respectively. The scope 2 and scope 3 water consumption values for the absorption chiller are 

much less variable, with the largest water-for-cooling consumption value about 2 times larger 

than the smallest in scopes 2 and 3. Unlike the ACC and the WCC, the water consumption from 

the ABC is mostly controlled by the climate zone. Specifically, the water consumption was the 

highest for hot dry climates (climate zones ending in óBô in Figure C.1), which is reasonable 

since dry air has a higher moisture acquisition capacity than moist air and we assume that air 

exiting the cooling towers is saturated.  

Figure C.15 shows the percent change in water-for-cooling consumption of the WCC and 

ABC relative to the ACC.  Relative to the air-cooled chillers, water-cooled chillers and 

absorption chillers increase the water-for-cooling consumption in most cases within C&P but 

may decrease the total water-for-cooling (Table 4.1). The change in C&P water-for-cooling 

consumption is large for WCCs (14% to 186%) and ABCs (-8% to 263%) and tends to be 

highest in dry climates (the west and southwest of the U.S.) where evaporative losses are high 

and lowest in the marine climate zones (the western coast of the U.S.). A general finding for 

C&P water consumption is that the reduction in water-for-electricity consumption relative to the 

ACC is not enough to offset the increased water consumption from the cooling towersô 

evaporative losses for the WCC and the ABC. 

 Regarding the total water-for-cooling consumption, the impact of electricity consumption 

is much more pronounced, especially in eGRID regions that have high upstream water-for-

electricity consumption intensities (e.g., AZNM, CAMX, MROE, MROW, etc.). The U.S. 

weighted-average water-for-cooling values indicate that the WCC will increase water-for-

cooling consumption and that the ABC will decrease water-for-cooling consumption; however, 

both have wide ranges ï between -28% and 67% for the WCC and between -91% and 76% for 
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the ABC ï further highlighting the importance of climate and grid-power supply. In many cases, 

the electricity savings from the WCC are enough to offset cooling-tower losses.  

 

Figure 4.4. Average water-for-cooling consumption (m3/MWhC) for air-cooled chillers, water-

cooled chillers, and absorption chillers.  

Each row indicates the chiller type ï i.e., (a) and (b) are air-cooled chillers; (c) and (d) are water-

cooled chillers; and (e) and (f) are absorption chillers. Each column indicates the scope and color 

bar ï i.e., scope 2 is represented in (a), (c), and (e); and scope 3 is represented in (b), (d), and (f).  

Since the ABC is uncoupled from the power grid, the only difference between the total 

and C&P water-for-cooling is the addition of water consumed for upstream conventional natural 

gas production, processing, and transportation (ρȢψ ρπ  m3 per GJ of electricity delivered)26 
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 ï all of which equal approximately 0.0280 m3 per MWh of natural gas delivered 

(ψȢςπρπ m3 per mmBTU of natural gas). The additional upstream water consumption 

intensity for the ABC is still relatively small compared to the water consumption that results 

from the cooling tower (approximately 3-10% of the total water-for-cooling consumption), and 

thus its effect may be negligible compared to upstream water-for-electricity consumption 

associated with ACC and WCC. For context, Grubert and Sanders26 estimate that the upstream 

water consumption for natural gas is one to two orders of magnitude smaller than that of other 

fossil fuels (i.e., coal, ethanol, and biodiesel), nuclear, hydropower, and geothermal upstream 

processes. 

Table 4.1. Average water-for-cooling consumption aggregated for the contiguous United States. 

Chiller and M etric 
Water-for -Cooling Consumption, m3 / MWhC

À  

Cooling Tower*  C&P**  Total***  

Air -cooled Chiller    

Area weighted averageÿ 0 2.43 9.26 

Range of water-for-cooling consumption 0 1.29 ï 3.52 2.45 ï 46.4 

Water-cooled Chiller    

Area weighted averageÿ 2.1 ± 0.246 3.73 ± 0.246 8.32 ± 0.246 

Range of water-for-cooling consumption 1.31 ï 3.16 2.26 ï 5.53 2.96 ï 34.3 

% Cooling tower evaporation 100 56.9 ± 28.9 33.8 ± 25.9 

% Difference relative to air-cooled chiller N/A 61.2 ± 11.0 5.77 ± 5.48 

Absorption Chiller     

Area weighted averageÿ 3.78 ± 0.345 3.78 ± 0.345 3.89 ± 0.336 

Range of water-for-cooling consumption 2.65 ï 5.14 2.65 ï 5.14 2.73 ï 5.37 

% Cooling tower evaporation 100 100 97.1 ± 7.63 

% Difference relative to air-cooled chiller N/A 70.4 ± 15.5 -28.2 ± 7.48 
À All values were rounded to three significant digits  
ÿ The weighted average was calculated as: Вὡ ȟὃȾВὃ, where ὡ ȟ represents the water-for-cooling intensity 

of technology Ὧ in region Ὦ, and ὃ represents the area of region Ὦ 
* Cooling Tower: Includes onsite water consumption by the chillersô cooling towers; scope 1 

** C&P: Includes water consumption from the onsite cooling tower any offsite point-of-generation water 

consumption; scope 1 + 2 

***Total: Includes water consumption from C&P and upstream processes from power plants 
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4.4.3.1 Impact of regional water-for-electricity on water-for-cooling 

The change between increased and decreased water-for-cooling consumption that is a 

function of water-for-electricity consumption indicates that there are points at which the water-

for-cooling consumption of two or more chillers are equivalent. Figure 4.5 shows the water-for-

electricity consumption versus the water-for-cooling consumption for all building types in each 

of the 94 óeGRID ï climate zoneô regions. 

 

Figure 4.5. The relationship between water-for-electricity intensity (ὡὅὍ, m3/MWhe) and 

water-for-cooling consumption intensity (ὡὅὍ, m3/MWhC) for the air-cooled chiller (ACC), 

water-cooled chiller (WCC), and absorption chiller (ABC).  

The gray circles, blue xôs, and orange diamonds identify all the water-for-cooling and water-for-

electricity pairs for each chiller and every building simulated in each of the 94 regions. The solid 

black, dashed blue, and dotted orange lines represent the óbest-fitô lines corresponding to the 

simulation data of each chiller. The red circles highlight the equilibrium points between chillers 

and occur when ὡὅὍ  is 8.48, 12.4, and 20.5 m3/MWhe. The coefficient of determination (R2) 

of the ACC is 1 because ὡ  was calculated directly from cooling demand data. The Ὑ  of the 

ABC indicates that it is independent of the regional ὡὅὍ. ὡὅὍ  ranges from 0 to 11.68 

m3/MWhe for PoG water consumption and from 5.6 to 153.8 m3/MWhe for total lifecycle water 
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consumption.27 ὡὅὍ  and ὡὅὍ  indicate the upper and lower boundaries of the PoG and 

total ὡὅὍ values. 

We found three intersection points located at ὡὅὍ equal to 8.48, 12.4, and 20.5 m3 / 

MWhe ï highlighted by a red circles in Figure 4.5 ï and correspond to the WCC-ABC (ὖ ), 

ACC-ABC (ὖ ), and ACC-WCC (ὖ ) intersects, respectively. Figure 4.5 also identifies the 

water-for-electricity lower boundary for total consumption (ὡὅὍ  and the upper boundary 

for PoG water consumption (ὡὅὍ ) as reported by Peer et al.27 Accordingly, Figure 4.5 

suggests that it is unlikely that the WCC and ABC systems we modeled will consume less C&P 

water-for-cooling than the ACC. Regarding the total water-for-cooling consumption, the ABC 

will likely consume less water than the ACC and the WCC when the power grid has a water-for-

electricity consumption intensity greater than 12.5 m3 per MWhe.  

As an alternative to the power grid, the electricity for the ACC and the WCC could come 

from a CHP system. Because CHPs for commercial scales are typically air-cooled, this would 

make the water-for-cooling consumption of the ACC negligible (πȢρ m3/MWhC) in 

comparison. Similarly, we could expect the water-for-cooling of the WCC to remain close to the 

scope 1 water-for-cooling value (2.1 ± 0.246 m3/MWhC). Nonetheless, we did not simulate the 

combination of CHP systems with electric chillers (i.e., ACC and WCC) in this study. 

4.4.3.2 Impact of chiller performance on water-for-cooling 

The coefficient of performance of the chiller plays a large role in the energy-for-cooling 

requirements and would subsequently shift the intersecting points shown in Figure 4.5. The 

water-cooled chiller we modeled is a single-stage chiller with a lower COP (5.6) than other state-

of-the-art water-cooled chillers whose COP values are approximately 7.8 (Table S4). An increase 

in the WCCôs COP from 5.6 to 7.8 would decrease its electricity-for-cooling consumption by an 

estimated 27% (cooling tower included) and the cooling tower capacity by approximately 4% 
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(see Section C.3.1.1 for a hand calculation). Because this isnôt a major change for energy that 

must be rejected by the cooling tower, this would only lead to a decreased slope in the WCC line 

(the dashed blue line in Figure 4.5), a shift in ὖ  and ὖ  towards ὖ  along the ὡὅὍȟ  and 

ὡὅὍȟ  lines, respectively. 

 The COP of LiBr-H2O absorption chillers ranges from 0.7 for single-stage to 1.42 for 

two-stage chillers (Table S4). Increasing the COP could reduce the heat requirements (and 

presumably fuel requirements) by half and reduce the cooling tower load by 30% (see Section 

C.3.1.1). Since the ABC is still uncoupled from the power grid, this would result in a vertical 

downward shift of the ὡὅὍȟ  line and shift ὖ  and ὖ  leftward along their respective lines. 

Because two-stage absorption chillers require high-pressure steam or must be directly fired, their 

applications may be limited to larger industrial applications where high-capacity gas turbines and 

reciprocating CHPs can be co-located. 

4.4.3.3 Comparison of eGRID 2014 and eGRID 2020 

The results presented in this study are limited to the water-for-electricity consumption rates of 

2014 presented by Peer et al.27 Although it is possible to replicate the methods presented by Peer 

et al.27 to calculate the 2020 water-for-energy consumption rates, it falls outside of our study 

scope. As an alternative, we qualitatively discuss the expected changes in the water-for-

electricity consumption of each region by calculating the change in the subregional power 

generation between 2014 and 2020 (see Table C.22). Coal-fired and nuclear power generation, 

which were the largest contributors towards PoG water-for-electricity consumption,27 had major 

cutbacks in most regions. Concurrently these retirements were met with additions to natural gas, 

hydroelectric, biomass, wind, and solar power generation. Accordingly, we expect that the PoG 
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water-for-electricity consumption is much lower, further encouraging the adoption of ACC 

systems from a local water-conservation perspective.  

From the lifecycle perspective, we would also expect a decrease in coal-related water-for-

electricity consumption, namely because Peer et al. suggest that coal and hydropower have the 

highest virtual water footprint relative to other prime movers.27 Solar, wind, and natural gas 

power generation had the largest capacity additions from 2014 - 2020. Overall, these energy 

sources have small water-for-electricity consumption intensities relative to other fuel sources. 27 

If advances toward decarbonization and investments into solar and wind power generation 

continue, we could also expect the continued decline in water-for-electricity consumption.  

Therefore, we expect that these changes are more likely to incentivize electric systems (namely 

the ACC) over the other alternatives from a water-savings perspective. 

4.4.4 Uncertainties and limitations 

This work presented does not represent actual water-consumption values for chiller systems. 

Rather, it serves to identify potential benefits, drawbacks, and trends associated with chiller 

systems. Our energy and mass balance models are simplified, assume nominal performance, and 

do not consider the adoption of other technologies that may work synergistically to further 

reduce water consumption and peak power loads (e.g., electrical and/or thermal energy storage). 

The cooling tower model used assumes the general performance characteristics of counterflow 

cooling towers, omits the analysis of other cooling tower types (e.g., crossflow and induced 

flow), and simplifies the heat and mass transfer between the cooling water and ambient air 

system. Furthermore, our model does not incorporate any degradation rates that would impact 

chiller performance nor other factors that would contribute to increased water consumption (e.g., 

cooling tower blowdown and drift). This work could be improved by incorporating actual 
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cooling tower water-consumption data under various loading and climate schemes, and by 

incorporating a more robust cooling tower model. For a discussion on the uncertainties and 

limitations of the water-for-electricity consumption values used, see Peer et al.27 

4.4.5 The future of cooling and environmental impacts 

The World Resource Instituteôs Water Risk Atlas indicates that many watersheds in the western 

and southwestern U.S. have a high-water depletion index (i.e., the ratio of total water 

consumption to available renewable supplies) and may continue to do so in the future.109 

Decision-makers and stakeholders in these regions will need a better understanding of the long-

term impacts that urban development and cooling supply will have on their ecosystems and any 

competition over water access that may ensue. Therefore, in Figure 4.6 we show the average 

water consumption required to supply the annual cooling needs of commercial buildings in the 

contiguous U.S. 

One important difference between the PoG and total water-for-electricity consumption 

factors used in this analysis is that PoG water consumption occurs within the eGRID region 

while the upstream processes that contribute toward the total water consumption (i.e., scope 3) 

do not necessarily correspond to the location of electricity consumption.27 This is important 

because municipalities in water-stressed regions (e.g., the arid southwest - Figure 4.6) may place 

more weight on the C&P water-for-cooling consumption than on the total water-for-cooling 

consumption because it has a more direct impact on water resource allocation and competes 

directly with agriculture (e.g., Texas and California).110 On average, upstream processes 

contribute toward 57% of the total water-for-electricity consumption of each eGRID region (with 

a range of 25% - 92%).27 If different municipalities wished to invest in less electricity-intensive 
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chiller systems, water savings might only be obtained through multistate collaboration to reduce 

the impact of upstream and multi-state virtual water transfers. We do not explore this here. 

 

Figure 4.6. Average annual water-for-cooling consumption (m3 of water/m2 of commercial floor 

area) for air-cooled chillers, water-cooled chillers, and absorption chillers.  

Each row indicates the chiller type ï i.e., (a) and (b) are air-cooled chillers; (c) and (d) are water-

cooled chillers; and (e) and (f) are absorption chillers. Each column indicates the scope and color 

bar ï i.e., C&P water consumption is represented in (a), (c), and (e); and the total water 

consumption is represented in (b), (d), and (f). 

Although it is outside of our current study scope, the method of cooling also has impacts 

on greenhouse gas emissions (GHGs) and other conventional air pollutants (CAPs). Electric 

chillers contribute toward GHG and CAP emissions indirectly through electricity consumption 

and directly through refrigerant fugitive emissions that have high global warming potentials and 

long atmospheric life spans.4 Except for exhaust-fired absorption chillers, ABCs are generally 

uncoupled from the power grid and do not directly emit GHGs nor CAPs; however, the CHP 
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systems to which they are usually coupled have the potential to be more emissive than other 

conventional technologies.41  

As discussed in previous work,41 the adoption of distributed heating and cooling 

networks powered by combined, cooling, heating, and power systems within the U.S. would 

require a massive reorganization of existing infrastructure that could lock the country into fossil 

fuel dependency (i.e., natural gas) for the foreseeable future. This may potentially undermine 

decarbonization efforts and ongoing investments into a renewable energy economy. 

Subsequently, this work serves to inform stakeholders and decision-makers on the potential 

benefits that water-cooled chillers and absorption chillers bring towards reducing peak-power 

demands and lifecycle water consumption and provide caution on the potential long-term 

consequences of these investments. 
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CHAPTER 5. CONCLUSION 

Infrastructure decisions are long-term, and the energy investments made today will have 

long-term implications for the climate, human health, and socioeconomic equity. Understanding 

and modeling energy systems is critical toward aiding stakeholders to evaluate the tradeoffs 

between energy security and an environmentally sustainable future. This framework uses simple 

energy and mass balance models to simulate the interactions between building energy demands, 

distributed energy generators (i.e., combined heat and power, absorption chillers, photovoltaics, 

and energy storage), conventional energy generators (i.e., the centralized power grid, natural gas-

fired and electric boilers, and electric chillers), and the environment.  

5.1 Future work  

Based on the progress of this dissertation, future work is recommended below. 

5.1.1 Space-cooling is the main barrier for a sustainable and resilient energy system 

Cooling demands are the largest barrier for creating a sustainable and resilient energy 

system. Space-cooling is and will continue to be necessary for climate change adaptation to 

mitigate heat-stress mortality; however, this creates a positive feedback loop in which increased 

cooling demands may increase the emissions of greenhouse gases. From an electricity 

perspective, cooling demands are projected to drive power capacity additions and will test the 

robustness of existing power grids with peak-loads. Although renewable energy additions will 

reduce greenhouse gas emissions from power generation, more work is needed to limit peak-

loading in a fully electrified future. Absorption chillers can satisfy cooling demands and reduce 

stresses to the electricity network; however, it would do so at the cost of increased emissions if 

natural gas continues to be their prime mover. To fully take advantage of a CHPs energy outputs, 

electric and absorption chiller systems could also operate in tandem to supply cooling needs of 
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buildings and help reduce peak-loading. Nonetheless, such a configuration has not yet been 

explored and the benefits and drawbacks are not known. 

5.1.2 The role of energy storage for sustainable and resilient energy 

Several other technologies and configurations to address peak-loading and thermal 

demands were not explored. For example, on-site energy storage systems (e.g., electric energy 

storage, thermal energy storage, and power-to-gas storage) would be able to store energy onsite, 

charge during off-peak times, and discharge during peak-hours. Storing energy as electricity 

allows the user to choose how it is used, however, battery systems tend to be expensive and have 

shorter lifetimes than other technologies. Thermal energy storage, on the other hand, is cheaper 

but limits the user on its application. Finally, power-to-gas storage can be coupled with CCHP 

systems to generate heating, cooling, and power.  

5.1.3 Trade-offs between demand-side and supply-side efficiencies 

This dissertation focused on supply-side energy systems and omitted the synergies and 

discord of demand-side improvements and DEG. For example, the adoption thermo-chromatic 

roof tiles could reduce thermal demands but would compete for space with solar PV systems. 

Similarly, excess thermal energy can be stored in phase-change materials that are built-in to 

building components. In fact, hundreds of thousands of energy-related technologies and 

configurations are possible, and a single prescription for a given user is unlikely given the 

variability of energy-demand behaviors, and the synergistic limits that exists between new and 

existing infrastructure.   

5.2 Significant Contributions 

The work in this dissertation makes contributions toward the scientific community in the 

following ways.   
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5.2.1 Modeling of distributed combined heat and power systems 

Most studies that model the impacts of combined heat and power systems have focused 

on a limited set of buildings, climate conditions, and timescales. By simulating the hourly energy 

supply and demand for 16 reference buildings, 16 reference climate zones, 23 power-grid 

regions, and multiple scenarios, this work generated millions of data points and used a óbig dataô 

approach to evaluate the effect of various drivers on the overall emissions of energy systems.  

5.2.2 Water-for-cooling 

This dissertation is the first work of writing to quantify water consumption of space-

cooling systems in the context of water-for-energy. All other studies that attempt to quantify 

water consumption of cooling systems do so from the context of make-up water at the 

operational level or through the use of lifecycle analysis ï which do not account for the 

variability of local climate and building energy dynamics. Moreover, this dissertation studies the 

operational water-for-cooling consumption between the point-of-cooling and upstream stages 

which provides further insights into the dominant drivers of water-for-cooling consumption. 

5.2.3 The trade-offs between energy reliability and the environment 

As the power-grid becomes ócleaner,ô research demonstrating the environmental benefits 

of CHP systems is quickly becoming outdated. The data generated by the models in this 

dissertation adds to the wealth of knowledge relevant to CHP performance and narrows down the 

key attributes that must be improved upon to keep CHP systems environmentally competitive. 

Moreover, this work evaluated various potential configurations and operation-modes for CHPs 

and was able to highlight how cooling systems have a strong control on the environmental 

performance of our energy supply systems. This work acknowledges that distributed CHP 

systems may still be hold benefits for a more resilient energy grid; however, in most cases the 
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increase in resilience comes at the cost of environmental damages. As city populations and the 

needs for cooling continue to grow, this dissertation may aid stakeholders and decision-makers 

understand the role that CHP systems can have in the future. 

FIN 
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APPENDIX A.   

SUPPLEMENTARY INFORMATION FOR  

COMBINED HEAT AND POWER MAY CONFLICT WITH 

DECARBONIZATION GOALS - THE AIR EMISSIONS OF NATURAL 

GAS COMBINED CYCLE POWER VERSUS COMBINED HEAT AND 

POWER SYSTEMS FOR COMMERCIAL BUILDINGS  
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A.1 Data 

A.1.1. Climate and building data 

We simulate our energy demands based on the DOEôs commercial reference buildings for 

each of 16 representative cities in the United States (Table A.1).54 Each of the cities represents 

the typical climate patterns for any city within its climate region.  

Table A.1. Climate attributes of each of the 16 representative cities 

Climate 

Zone 
City State NERC 

Subregion 

EMM 

Region 

HDD,  

°C day 

per year 

CDD,  

°C day 

per year 

Average Relative 

Humidity, % 

1A Miami FL FRCC FRCC 68 667 73 

2A Houston TX ERCT TRE 774 475 73 

2B Phoenix AZ AZNM SRSG 543 1,383 34 

3A Atlanta GA SRSE SRSE 1,511 207 66 

3B Las Vegas NV NWPP BASN 1,239 904 30 

3B-Coast Los Angeles CA CAMX CASO 652 0 73 

3C San Francisco CA CAMX CANO 1,566 0 74 

4A Baltimore MD RFCE PJMD 2,498 125 65 

4B Albuquerque NM AZNM SRSG 2,318 125 42 

4C Seattle WA NWPP NWPP 2,555 0 74 

5A Chicago IL  RMPA RMRG 3,448 61 70 

5B Denver CO RFCW PJMC 3,143 56 50 

6A Minneapolis MN MROW NISW 4,224 55 66 

6B Helena MT NWPP NWPP 4,171 6 58 

7 Duluth MN MROW SPPN 9,818 180 71 

8 Fairbanks AK AKGD NONE 7,167 0 68 

HDD: Heating Degree Days; CDD: Cooling Degree Days 

NERC: North American Electric Reliability Corporation 

EMM: Energy Market Module 

 

The 16 climate regions in the United States are shown below (Figure A.1).111 Climate 

data from each of the representative cities was obtained from the TMY3 files available through 

NREL.87 



83 

 

 

Figure A.1. International Energy Conservation Code (IECC) climate regions. 

The climate zone number (i.e., 1 through 8) identifies the climate zone and the adjoined letter 

(i.e., A, B, or C) indicates the humidity level (i.e., moist, dry, or marine). The figure above was 

taken from a DOE report.111 

 

Figure A.2. Generic climate attributes for each of the 16 representative cities.  

The heating degree days, cooling degree days, and average relative humidity were calculated 

from NRELôs typical meteorological year files.87 
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A.1.2. NGCC 

The economic and operational parameters for a natural gas combined cycle (NGCC) plant 

are compiled below. Emission factors from the NRELôs Annual Technology Baseline56 and 

ANLôs Update of Emission Factors study57 were used; conversions from lb/MMBtu of fuel input 

to kg/MWhel of electricity generated were made as needed. 

Table A.2. Economic and operational parameters for the Natural Gas Power Plant 

Metric Value Source 

Economic Metrics   

  CAPEX ($/kW) 1,088 NREL (2020)56 

  Fixed O&M ($/kW-yr) 13 NREL (2020)56 

  Variable O&M ($/MWh) 2 NREL (2020)56 

  LCOE ($/MWh) 35 NREL (2020)56 

Thermo-electric Metrics   

  Heat Rate (MMBtu/MWh) 6.4 NREL (2020)56 

  Efficiency (%) 53.3 NREL (2020)56 

Pollutant Emissions Factor kg/MWhel 
 

  CH4 9E-03 Ou and Cai (2020)
57

 

  CO 3.4E-02 Ou and Cai (2020)
57

 

  CO2 339.65 NREL (2020)56 

  NOX  5.81E-02 NREL (2020)56 

  N2O  1E-03 Ou and Cai (2020)
57

 

  PM10 1.7E-02 Ou and Cai (2020)
57

 

  SO2 9.58E-03 NREL (2020)56 

  VOC 4E-03 Ou and Cai (2020)
57
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A.1.3. Furnaces and boilers 

We gathered the operational parameters for conventional furnaces and boilers from the 

EIA.58 The emissions factors (kg per MWh of heat output) for NG-fired furnaces and boilers 

were obtained from EPA for residential systems112 and from NREL for commercial systems.59  

Our data sources ï EPA112 and NREL59 ï report emission factors for boilers only. Therefore, we 

used the same emission factor values (reported as mass of pollutant per unit of fuel input) 

reported for commercial boilers in calculating the emission factors for natural gas furnaces. For 

this study, we assume that all commercial buildings use Boiler B2 (Table A.3).  

Table A.3. Operational metrics for conventional furnaces and boilers. 

Type ID 
Primary 

Energy 

Residential / 

Commercial 

Capacity, a 

kWth 
Efficiency, a 

% 

Emissions factors, kg MWhth
-1 

CH4 CO2 N2O 

Furnace F1 Gas Residential b 23 95 3.67E-03 191.67 1.04E-03 

F2 Gas Residential b 23 90 3.88E-03 202.32 1.10E-03 

F3 Electric Residential b 23 80 NA NA NA 

F4 Gas Commercial c  117 95 4.14E-03 202.93 4.14E-03 

F5 Electric Commercial c 5 100 NA NA NA 

F6 Electric Commercial c 50 100 NA NA NA 

Boiler B1 Electric Commercial c 165 98 NA NA NA 

B2 Gas Commercial c 234 99 3.97E-03 194.73 3.97E-03 
         

Type ID 
Emissions factors, kg MWhth

-1   

CO NOX PM10 SO2 VOC   

Furnace F1 6.39E-02 1.50E-01 1.21E-02 9.58E-04 8.78E-03   
F2 6.74E-02 1.58E-01 1.28E-02 1.01E-03 9.27E-03   
F3 NA NA NA NA NA   
F4 1.55E-01 1.84E-01 1.40E-02 1.05E-03 1.02E-02   
F5 NA NA NA NA NA   
F6 NA NA NA NA NA   

Boiler B1 NA NA NA NA NA   
B2 1.49E-01 1.77E-01 1.34E-02 1.00E-03 9.76E-03   

a The performance data was gathered from the U.S. EIA.58  
b The emission factors residential furnaces were gathered from the EPAôs AP-42 report.112 c The emission factors 

for commercial furnaces and boilers were gathered from Deru and Torcellini (2007).
59
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The EPA and NREL both report the emissions factors as mass per unit of fuel combusted. 

We converted these values to mass per unit of heat output by dividing the reported values by the 

efficiency of the system.  

For the commercial furnaces and boilers, we used the updated emissions factors from 

Deru and Torcellini (2007),59 which are fairly similar to the values reported by the EPAôs Air 

Pollution 42 report (Table A.4).112 The largest difference between these reports is the N2O 

emissions and NOX emissions, which increase by 305% and decrease by 99%, respectively. Deru 

and Torcellini (2007) focus on commercial buildings and report the same CO and NOX emission 

factor values as the EPA.   

Table A.4. Operational metrics for conventional furnaces and boilers. 

Pollutant 
Emissions Factor, kg MWhth

-1 of NG input 
Difference 

U.S. EPA (2000)112 Deru and Torcellini (2007)
59

 

CH4 3.49E-03 3.93E-03 13% 

CO2 182 193 6% 

N2O  9.71E-04 3.93E-03 305% 

PM10 1.15E-02 1.33E-02 15% 

SO2 9.10E-04 9.93E-04 9% 

VOC 8.35E-03 9.66E-03 16% 

CO   
 

Large Boilers (> 100 

MMBtu/hr heat input) 
1.27E-01 

1.48E-01 

16% 

Small Boilers (< 100 

MMBtu/hr heat input 
1.27E-01 16% 

Residential Furnaces 6.07E-02 6.07E-02 0% 

NOX    
 

Large Boilers (> 100 

MMBtu/hr heat input) 
2.12E-01 

1.75E-03 

-99% 

Small Boilers (< 100 

MMBtu/hr heat input 
7.59E-02 -98% 

Residential Furnaces 1.43E-01 1.43E-01 0% 
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A.1.4. Air-cooled and water-cooled chillers 

The operational parameters for conventional chillers was obtained from the EIA.58 The 

AC capacities were converted from kBtu/h  to kW. The operational parameters for absorption 

chillers was obtained from the US DOE.25 For this study we assume that rooftop air conditioners 

(AC3) are the conventional choice for cooling. We assume that a single-stage absorption chiller 

(ABC_SS1) supplies the cooling in the HES. 

Table A.5. Operational parameters of conventional air conditioning systems and absorption 

chillers 

Type ID Primary Energy 
Residential / 

Commercial 

Capacity, 

kWcool 

COP,  

Full 

Load  

Central Air Conditioner AC1 Electricity Residential 10.55 4.40 
 

AC2 Electricity Residential 10.55 4.40  

Rooftop Air Conditioner AC3 Electricity Commercial 44.0 3.4  

Water-Cooled Centrifugal Chiller CH1 Electricity Commercial 117.2 7.8  

CH2 Electricity Commercial 117.2 7.8  

Air -Cooled Reciprocating Chiller CH3 Electricity Commercial 351.7 3.5  

CH4 Electricity Commercial 703.4 3.5  
       

Single Stage Absorption Chiller ABC_SS1 Hot Water N/A 175.95 0.7  

ABC_SS2 Hot Water N/A 440 0.74  

ABC_SS3 Low-Pressure Steam N/A 1,320 0.79  

Two-Stage Absorption Chiller ABC_TS1 High-Pressure Steam N/A 1,161.29 1.42  

ABC_TS2 High-Pressure Steam N/A 4,645.16 1.42  

ABC_TS3 Exhaust-fired N/A 1,161.29 1.35  

ABC_TS4 Exhaust-fired N/A 3,519.06 1.38  

Data was adapted from the EIA and the DOE.25,58  

 

  



88 

 

A.1.5. Combined heat and power 

The performance metrics for CHP systems were obtained from the EPAôs Catalog of 

CHP Technologies.52 We only include natural gas-combustion systems. All emission factors 

were converted from lb/MWh to kg/MWh of electricity produced. The heat-to-power ratio was 

calculated as the inverse of the provided power-to-heat ratio. We take the maximum CHP 

efficiency of each system since some are provided for the lower heating value and others for the 

higher heating value.  

Table A.6. Operational metrics for combined heat and power systems.  

Prime 

Mover 
ID Details 

Capacity, 

kWel 

Max CHP 

efficiency 

Emissions factors, kg MWhel
-1 Heat to 

Power Ratio 
CO CO2 NOX VOC 

R
e

c
ip

ro
c
a

ti
n

g
 

E
n

g
in

e 

RE1 -          100.0  0.80 0.18 611 0.06 0.09 1.96 

RE2 -          633.0  0.79 0.12 525 0.07 0.09 1.28 

RE3 -       1,121.0  0.78 0.10 482 0.07 0.07 1.12 

RE4 -       3,325.0  0.78 0.08 442 0.07 0.07 0.94 

RE5 -       9,341.0  0.77 0.08 432 0.10 0.07 0.84 

G
a

s
 T

u
rb

in
e GT1 -       3,304.0  0.66 0.05 763 0.04 0.04 1.75 

GT2 -       7,038.0  0.70 0.02 725 0.02 0.04 1.43 

GT3 -       9,950.0  0.70 0.02 621 0.02 0.03 1.54 

GT4 -     20,336.0  0.71 0.02 646 0.02 0.03 1.12 

GT5 -     44,488.0  0.69 0.02 547 0.02 0.03 0.92 

M
ic

ro
tu

rb
in

e 

MT1 -            30.0  0.77 0.04 1814 0.07 0.04 2.17 

MT2 -            65.0  0.78 0.01 732 0.03 0.01 1.96 

MT3 -          200.0  0.70 0.04 638 0.03 0.04 1.37 

MT4 -          250.0  0.74 0.01 694 0.04 0.01 1.56 

MT5 -          333.0  0.75 0.03 631 0.07 0.03 1.41 

MT6 -       1,000.0  0.70 0.04 638 0.03 0.04 1.37 

F
u

e
l 
C

e
ll 

FC1 PEMFC              0.7  0.86 <0.01 513 <0.01 <0.01 1.43 

FC2 SOFC              1.5  0.74 <0.01 333 <0.01 <0.01 0.36 

FC3 MCFC          300.0  0.82 <0.00 426 <0.01 0<.01 0.75 

FC4 PAFC          400.0  0.81 0.01 476 <0.01 0.01 1.37 

 FC5  MCFC       1,400.0  0.82 <0.00 426 <0.01 <0.01 0.93 

Data adapted from EPA (2015).52 

PEMFC: Proton-exchange membrane fuel cell; SOFC: Solid-oxide fuel cell; MCFC: Molten-carbonate fuel cell; 

PAFC: phosphoric acid fuel cell 
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N2O can be formed through two mechanisms. First, N2O is emitted by combusting 

nitrogen-bonded fuels and not for the combustion of NG and biogas.113 Second, N2O can form 

during the combustion process (from the interactions between atmospheric N2 and O2) when 

combustion temperatures are low (below 800oC) and there is an excess of oxygen.112 

Accordingly, we assumed that N2O emissions from CHP systems are negligible, resulting in a 

significant drop in the total N2O. This for CHPôs N2O emissions is based on our literature review 

and the lack of inventory data, which presents a severe limitation. The NGCC emissions factors 

supplied by Ou and Cai were calculated using eGRID2012 data and represent the averaged 

emissions by fuel type and combustion technology.57 For reference, coal and oil-fired power 

plants emit between 25 and 85 ppmv of N2O, whereas conventional utility NG-fired boilers emit 

less than 6 ppmv N2O.113 In the scope of energy generation from NG-fired systems, it is possible 

that the difference in N2O emissions between the NGCC and the CHPs is negligible. 

 

Figure A.3. Ranges of electrical generation capacities and heat-to-power (HPR) ratios of multiple 

CHP units. 

Adapted from 52,114ï116 
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A.1.6. Natural gas composition 

We use the natural gas composition (Table A.7) provided by the Spath and Mann 

(2000).117 These values are given as a mole fraction. We convert these to a mass fraction using 

the base molecular weight for each compound. The model implemented in this study calculates 

the amount of natural gas combusted or leaked as kWh. To calculate the mass of natural gas 

leaked, we multiply the quantity leaked (kWh) by the lower heating value of natural gas (48,252 

J/g ~ 13.4 kWh/kg).20 We then multiply the mass of the leaked natural gas by the mass fraction 

of each compound. 

Table A.7. Natural gas composition. 

Compound Mole, % Mass, % 

Methane (CH4) 94.90 90.15 

Ethane (C2H6) 2.50 4.45 

Propane (C3H8) 0.20 0.52 

Iso-butane (C4H10) 0.03 0.10 

Butane (C4H10) 0.03 0.10 

Iso-pentane (C5H12) 0.01 0.04 

Pentane (C5H12) 0.01 0.04 

Hexane (C6H14) 0.01 0.05 

Nitrogen (N2) 1.60 2.66 

Carbon Dioxide (CO2) 0.70 1.83 

Oxygen (O2) 0.02 0.04 

Hydrogen (H2) Trace Trace 

Adapted from Spath and Mann (2000).
117

 

 

We take the reference estimates for methane leakage from Table 1 in Grubert and Brandt 

(2019).64 We use the Alvarez et al. (2018) estimates as the leakage rate for our natural gas 

systems. Since the values are reported as the fraction of gross methane withdrawals, we divide 

these by 0.9 to report them as gross natural gas withdrawals (Table A.8). 
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Table A.8. Leakage assumptions studied by Grubert and Brandt (2019). 

Reference 

Compound Production Processing 

Transmission 

& Storage Distribution 

End 

Use 

Data 

Source 

Gross 

Methane 

Withdrawals 2.00% 2.10% 2.40% 2.50% n/a 

Alvarez et 

al (2018) 

Gross 

Natural 

Gas 

Withdrawals 2.22% 2.33% 2.67% 2.78% n/a 

Alvarez et 

al (2018) 

The reference estimates gathered by Grubert and Brandt (2019) are reported as ñmethane leaked as 

a cumulative mass percentage of gross withdrawals of leakage reaching a given stage, assuming 

natural gas progresses through each stage in sequence.ò 

  

A.2 Method and Assumptions 

A.2.1. System Configuration 

 

Figure A.4. System configuration of the conventional energy supply system (CES) 

In the CES, electricity is supplied by a natural gas combined cycle power plant, heating is 

supplied by a natural gas-fired boiler, and cooling is supplied by a conventional rooftop air 

chiller. 
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Figure A.5. System configuration of the hybrid energy supply system (HES) 

The HES supplements the CES with a combined heat and power (CHP) system and/or an 

absorption chiller (ABC). The CHP supplies electricity and heat. The heat from the CHP is either 

allocated towards building heating demands or to an ABC to supply the cooling. When the CHP 

does not generate sufficient heat to satisfy the heating load of the absorption chiller, an auxiliary 

boiler generates heat in its stead. While our simulation can model the impacts of concurrent 

generation from all energy systems, we only show two extremes. In the first, all of the power 

comes from CES technologies. In the second, all the electricity is supplied by the CHP, heating 

is supplied by the CHP and/or the auxiliary boiler, and the cooling can be supplied by either an 

ABC and a conventional AC system. 

A.2.2. Supply and Demand Equations 

We use the hourly building energy demands provided by the U.S. DOE reference building 

database55 and aggregate them into either electricity (E), heating (Q), or cooling (C) as shown in 

equations (A.1) through (A.3). 

 Ὁ Ὁ Ὁ  A.1  

 ὗ ὗ ὗᶻ  A.2 

 ὅ Ὁ ὅὕὖ  A.3 

Subscripts D and b indicate whether the energy flow is a demand or base load, 

respectively. We define the electricity base load as the electricity used to power fans, pumps, 

lights, and the plug loads. We define the heat base load as the energy demanded for either heated 

ventilation or water heating. In equations A.1 and A.2 we also include the electricity or heat 
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required to run an electric chiller or air conditioning unit (AC), or an absorption chiller (ABC). 

Because the reference building energy demand files supply the electricity for cooling (ERef
AC), we 

multiply these values by 3.8 ï which is the standard COP of the chillers (COPRef
AC) used in the 

reference buildings ï to obtain the cooling demand. We use the asterisk (*) to denote energy 

supply or demand prior to any distribution losses.  

The hourly energy supply (S) from the grid (G), CHP, furnace or boiler (f), and chiller 

systems is expressed in equations A.4 through A.6. 

Ὁ Ὁ Ὁ  A.4 
ὗ ὗ ὗ  A.5 
ὅ ὅ ὅ  A.6 

 

Although the heat produced by the grid (QG) is not dispatchable, we added this term to 

equation A.5 to quantify the total amount of waste heat from our system. In this model, waste 

heat can be generated by the grid and the CHP, especially in cases where the CHP is operating 

outside of the ófollow-thermal-loadô scheme.  

Equations A.7 and A.8 relate the cooling output of our AC and ABC to the required 

electric or heat input. In both equations, we assume that the COP of the AC and ABC systems 

are constant and do not change based on their part-load ratio (PLR).  

ὅὕὖ
ὅ

Ὁ
 A.7 

ὅὕὖ
ὅᶻ

ὗᶻ
 A.8 

  

Equations A.9 through A.14 relate the heat outputs (Q), electricity generation (E), and 

fuel inputs (F) for each of our systems. Because we define EG as the amount of electricity 

delivered to the site, we use equation A.9 to quantify the amount of energy generated at the 

NGCC prior to transmission, where Ὁᶻ is the amount of electricity generated by the NGCC and 
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GLF is the grid-loss factor. We use a 4.9% GLF, which is the subregional-average reported in 

the U.S. EPAôs eGRID.53 We assume a grid efficiency (ɖG) of 53.3% based on the heat-rate of an 

average natural gas combined cycle plant in NRELôs Annual Technology Baseline.56   

Similarly, we define ὗ  and ὅ  as the heat or cooling delivered to the site by the 

CHP or ABC prior to any energy losses in the distribution network. Accordingly, ὗᶻ  and ὅᶻ  

represent the amount of heat generated by the CHP or cooling generated by the ABC. We use a 

10% district heating and cooling (DHC) loss factor, which is the average Swedish DHC loss 

(equations A.11 and A.12).62 In equations A.10 through A.14 we also assume that the heat-to-

power ratio (HPR) of the CHP, along with the efficiencies (ɖ) of all the systems remains 

constant. The CHPôs HPR and efficiency values in equations A.13 and A.15 are specific to its 

prime mover ï the primary mechanical source of heat and power ï and were obtained from the 

EPA Catalog of CHP technologies.52 Similar to our CHP, we assume that the adopted furnace or 

boiler has sufficient capacity to supply the heating demands (i.e., heated ventilation and water) of 

a building. The efficiency of the furnace or boiler (ɖf), which ranges from 80%-100%, is specific 

to the technology used.58   

Ὁᶻ
Ὁ

ρ ὋὒὊ
 A.9 

ὗᶻ
Ὁ

ρ ὋὒὊ

ρ

–
ρ A.10 

ὗ ὗᶻ ρ ὈὌὅ  A.11 
ὅ ὅᶻ ρ ὈὌὅ  A.12 

ὌὖὙ
ὗᶻ

Ὁ
 A.13 

–
Ὁ

Ὂ ρ ὋὒὊ
 A.14 

–
Ὁ ὗᶻ

Ὂ
 A.15 

– ὗȾὊ A.16 
Note: 
 

ὋὒὊ
Ὁᶻ Ὁ

Ὁᶻ
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Ὁᶻ
Ὁ

ρ ὋὒὊ
 

 
ὗᶻ Ὂ Ὁᶻ 

ὗᶻ
Ὁ

– ρ ὋὒὊ

Ὁ

ρ ὋὒὊ
 

ὗᶻ
Ὁ

ρ ὋὒὊ

ρ

–
ρ  ʉ

 Finally, in deriving our system model, we also place the constraints shown in 

equations A.17 through A.19: 

Ὁ Ὁ A.17 
ὗ ὗ ὗȟύὬὩὶὩ ὗ ὗ  A.18 
ὅ ὅ A.19 

 

In our model, we assume that electricity and cooling demands and supplies are always 

balanced. That is, our systems cannot generate more electricity than can be used or stored by our 

battery systems. Since we do not consider a thermal energy storage system, we cannot store any 

excess thermal energy from the CHP or our chiller systems. Although our CHP system may 

generate excess heat, our furnace or boiler is limited by the heating demand because it does not 

produce any other energy flows. 

Rather than sizing our system(s) for peak demands, we design our system(s) to meet a 

fraction of the energy demands as shown in equations A.20 through A.22: 

Ὁ ‌Ὁȟ ύὬὩὶὩ ‌ ρ ὥὲὨ Ὁ Ὁ  A.20 

ὅ ‍ὅȟ ύὬὩὶὩ ‍ ρ ὥὲὨ ὅ ὅ  A.21 

ὗ ‎ὗȟ ύὬὩὶὩ ‎ ρ ὥὲὨ ὗ ὗ  A.22 

 

A.2.3. Wasted Energy 

Wasted energy (ὉὲὩὶὫώ ) can be calculated as the sum of all system losses: 

ὉὲὩὶὫώὉ  ὗᶻ ὗ  ὅ   A.23 

We can then rewrite our electricity, heat, and cooling loses using equations A.9-A.12 as 

follows. 
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ὉὲὩὶὫώ
Ὁ

ρ ὋὒὊ
ὋzὒὊ  

Ὁ

ρ ὋὒὊ

ρ

–
ρ ὗᶻ ὈzὌὅ ὅᶻ ὈzὌὅ  

We can then substitute equation A.12 and A.13 

ὉὲὩὶὫώ
Ὁ

ρ ὋὒὊ
ὋzὒὊ  

Ὁ

ρ ὋὒὊ

ρ

–
ρ Ὁ ὌzὖὙ ὈzὌὅ ὅ ᶻ

ὈὌὅ

ρ ὈὌὅ
 

We can then rewrite these equations using by definitions A.20 and A.22. 

ὉὲὩὶὫώ
‌Ὁ

ρ ὋὒὊ
ὋzὒὊ  

‌Ὁ

ρ ὋὒὊ

ρ

–
ρ ‌ Ὁ ὌzὖὙ ὈzὌὅ ‍ ὅ ᶻ

ὈὌὅ

ρ ὈὌὅ
 

Next, we combine like terms: 

ὉὲὩὶὫώ ‌Ὁ
ὋὒὊ

ρ ὋὒὊ
 
ρ

ρ ὋὒὊ

ρ

–
ρ ‌ Ὁ ὌzὖὙ ὈzὌὅ ‍ ὅ ᶻ

ὈὌὅ

ρ ὈὌὅ
 

Then 

ὉὲὩὶὫώ ρ ‌
ὋὒὊ

ρ
–

ρ

ρ ὋὒὊ
‌ ὌzὖὙ ὈzὌὅ Ὁ ‍ ὅ ᶻ

ὈὌὅ

ρ ὈὌὅ
 

 

ὉὲὩὶὫώ
ὋὒὊ

ρ
–

ρ

ρ ὋὒὊ
‌ ᶻὌὖὙ ὈzὌὅ

ὋὒὊ
ρ
–

ρ

ρ ὋὒὊ
Ὁ

‍ ὅὈὌὅ

ρ ὈὌὅ
 

 

We can then substitute our rewritten heat supply and demand functions into our waste heat 

definition. 

 

Then, 

ὉὲὩὶὫώ
ὋὒὊ

ρ
–

ρ

ρ ὋὒὊ
‌ ᶻὌὖὙ ὈzὌὅ

ὋὒὊ
ρ
–

ρ

ρ ὋὒὊ
Ὁ

ρ ‍ ὅ

ὅὕὖ

‍ ὅὈὌὅ

ρ ὈὌὅ
 

 

A.24 

Equation A.24  is a basic rewrite of information that we already know: the 

amount of wasted energy is the amount of energy generated by our electricity systems 

minus the amount that can be used on site. The benefit to equation is that we can 

essentially design based on two variables, ‌  and ‍ .  
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A.2.4. Emissions Modeling 

We calculate the emissions of compound x (ex) as follows: 

Ὡ Ὡȟȟȟ ὼɴ ὢȟ   ώᶰὣȟ   ᾀɴ ὤ A.25 

Where Ὡ represents the emissions, ὼ is a compound, ώ is the specific technology, and ᾀ is the 

stage of the lifecycle. Accordingly, ὢ, ὣ, and ὤ represent vectors for all compounds of interest, 

technologies included in our design, and stages of the lifecycle, as follows: 

ὢ

ὅὌ
ὅὕ
ể
ὼ

ȟὣ  

ὋὶὭὨ
ὅὌὖ
ể
ώ

ȟὤ

ὉάὦὩὨὨὩὨ Ὡάὦ
ὕὴὩὶὥὸὭέὲὥὰ έὴ

ὉὲὨ έὪ ὒὭὪὩ Ὡέὰ
 

In this study, we only consider the operational emissions of our system. For the operational 

emissions, we focus on the technologies using natural gas ς i.e., NGCC (Grid), furnace or boiler, and 

CHP. We do not include emissions of refrigerants or other gases from the chiller systems. The 

operational emissions from each of our natural gas technologies include fugitive emissions (from 

leaks) and emissions from energy generation. 

We define leakage per Grubert and Bandt (2018)64, in which the fraction of natural gas 

leakage (ὰ ) is the cumulative mass of fugitive emissions (ὒ ) divided by the gross natural gas 

withdrawals (ά ȟ): 

ὰ
ὒ

ά ȟ
 

Because the amount leaked and the gross mass of withdrawals is unknown to us, we rewrite 

the above equation as a function of the amount of fuel delivered to the technology y. We define the 

amount delivered as the fuel consumed by technology ς defined in equations A.12 through A.14 ς 

divided by the specific energy of natural gas (‐ ) ς 13.4 kWh/kg.20 We use the natural gas 

composition used by Spath and Mann (2000)117 to quantify the amount of a compound ὼ that is 

leaked. We write the equation for our total leakage as a function of the fuel consumed by a 

technology (Fy): 

ὒ
ὰὊ

‐ ρ ὰ
 A.26 

The operational emissions for our system can be written as: 

Ὡȟ ὒȟ
ὩȟὉ

ρ ὋὒὊ
ὒȟ Ὡȟὗ ὒȟ Ὡȟ Ὁ  
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Where, Ὡȟ is the x emissions factor of technology y in kg per kWh of electricity or heat 

generated. By substituting our definitions for ὒȟ, we can rewrite this equation as: 

Ὡȟ
ὰὼ

‐ὔὋ–Ὃρ ὰὼ
Ὡȟ

Ὁ

ρ ὋὒὊ

ὰὼ
‐ὔὋ–Ὢρ ὰὼ

Ὡȟ ὗ
ὰὼρ ὌὖὙὅὌὖ
‐ὔὋ–ὅὌὖρ ὰὼ

Ὡȟ Ὁ  

Next, we substitute equations A.20 through A.22: 

Ὡȟ
ρ ‌ ‌

ρ ὋὒὊ
ὑ ‌ ὑ Ὁ ρ ‎ ὑὗ  

Where, 

ὑ
ὰὼ

‐ὔὋ–Ὃρ ὰὼ
Ὡȟ ȟὑ

ὰὼ
‐ὔὋ–Ὢρ ὰὼ

Ὡȟ ȟ   ὥὲὨ ὑ
ὰὼρ ὌὖὙὅὌὖ
‐ὔὋ–ὅὌὖρ ὰὼ

Ὡȟ  

 

We have two cases: 

1) The CHP produces heat greater than or equal to the demand: 

ὗ ὗ  O  ‎ ρ, and 

2) The CHP produces less heat than the demand: 

ὗ ὗ  O  ‎ ρ 

Then, we can rewrite our equation for the Ὡȟ  as: 

Ὡȟ

ừ
ỬỬ
Ừ

ỬỬ
ứ
ρ ‌ ‌

ρ ὋὒὊ
ὑ ‌ ὑ Ὁ

ρ ‍ ὅ

ὅὕὖ
ȟ ὗ ὗ

ρ ‌ ‌

ρ ὋὒὊ
ὑ ‌ ὑ ὌὖὙ ὑ Ὁ

ρ ‍ ὅ

ὅὕὖ

ὑ ὗ
‍ ὅ

ὅὕὖ
ȟ ὗ ὗ

 

 

A.27 

In cases where the CHP produces excess heat, we can assign CHP emissions credits should 

that excess be reallocated to satisfy another heating load. The CHP emissions credits are equal to the 

displaced emissions that would otherwise be emitted by a conventional heat-generator (i.e., a furnace 

or boiler).52  

We calculate the CHP emissions credit as shown in equation A.28 and subtract the credits 

from the operational emissions in equation A.27. 

Ὡȟ  ὗ   zὩὼȟὪ 

ύὬὩὶὩ  ὗ  
ὗ ὗȟ   ὭὪ ὗ ὗ
πȟ ὭὪ ὗ ὗ

 
A.28 
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A.3 Results 

A.3.1. Building Energy Demands 

In this section we include figures showing the annual energy demands of the reference 

buildings. We used 16 commercial building types in 16 climate zones, for a total of 256 building 

types.  

 

Figure A.6 Annual energy demand intensities (MWh m-2) for 16 commercial reference buildings 

in the 16 U.S. climate zones.  

(a) shows the annual energy demands when all the cooling is supplied by an electrically powered 

cooling system (i.e., an AC system). (b) shows the annual energy demands when all the cooling 

is supplied by a heat-powered cooling system (i.e., an ABC). We exclude region 7ôs outpatient 

healthcare building simulation results because its energy demands appear to deviate significantly 

from the other regions. 

Figure A.6 shows the annual energy demand intensities (AEDI) (MWh per m2 of floor 

area) for each building in each climate zone. We defined the AEDI as the sum of the annual 

electricity demand intensity and the annual heat demand intensity. In many cases, the AEDI 

increases when an absorption chiller is adopted. The AEDI refers to the required energy supply 

to satisfy a buildingôs heating, electricity, and cooling loads. Notice that the AEDI for the 
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outpatient healthcare building in climate zone 7 is significantly smaller than the other climate 

zones. We believe this to be a simulation error from the datasets we used,54,55 so we omitted our 

results for this building.  

Figure A.7 shows violin plots of the annual energy demand intensities (AEDI) (MWh per 

m2 of floor area) for each commercial building type. The shaded area shows the distribution of 

the annual energy demand intensity and the color indicates whether an electric air chiller (AC) or 

a heat-powered absorption chiller (ABC) supplies the cooling of the building. The dashed grey 

line within the shaded area represents the mean, and the dotted grey lines indicate the 25% and 

75% quartiles.  

. shows the heat-to-power demand ratio for each building type with an AC and with an 

ABC system. Because the ABC is powered by heat, it results in an increase in the heat-to-power 

demand ratio in every case. The difference between the heat-to-power demand ratio is more 

apparent in warmer climate zones and in buildings that typically have higher cooling demands. 
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Figure A.7. Violin plots showing the distribution of annual energy demands for each building 

type when an AC or an ABC supplies all the cooling.  
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Figure A.8. The annual energy demand intensitites (AEDI) for all buildings. The AEDI refers to the required energy supply of a 

building to satisfy its heating, cooling, and electricity loads.  
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Figure A.9. The heat-to-power demand ratio of all building types in all climate zones.  

The adoption of an ABC results in increased heating demands, which subsequently increases the HPR demand ratio. The increase is 

much larger in warmer climates than in cooler ones. 
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Figure A.10. Boxplots of the surplus CHP heat for each the 16 building types in each of the 16 climate zones when a CHP supplies all 

of the electricity demand of the building.  

The shading corresponds with the cooling system used in the simulations (i.e., blue for AC and orange for ABC). The centerline in 

each box represents the mean value, while the outer edges of the boxes represent the interquartile range. The bars identify the 95% 

confidence interval and the diamonds outside of the bars identify outliers 
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A.3.2. Greenhouse Gas Emissions 

In this section we include the unaggregated greenhouse gas emissions as well as the 

percent change relative to the baseline values. 

 

Figure A.11. Annual CH4 emissions intensity (kg/m2 of floor area) 

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The black line represents the 

best-fit line of the baseline emissions for the CES (R2 = 0.92). The color gradient represents the 

CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates the type of prime 

mover used. The blue markers indicate that an ABC was adopted without a coupled CHP. 

 

Figure A.12. Relative change in annual CH4 emissions 

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The color gradient represents the 
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CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates the type of prime 

mover used. The blue markers indicate that an ABC was adopted without a coupled CHP. 

  

 

Figure A.13. Annual CO2 emissions intensity (tonnes/m2 of floor area)  

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The black line represents the 

best-fit line of the baseline emissions for the CES (R2 = 0.97). The color gradient represents the 

CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates the type of prime 

mover used. The blue markers indicate that an ABC was adopted without a coupled CHP. 

 

 

Figure A.14. Relative change in annual CO2 emissions 

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The color gradient represents the 
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CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates the type of prime 

mover used. The blue markers indicate that an ABC was adopted without a coupled CHP. 

  

 

Figure A.15. Annual N2O emissions intensity (g/m2 of floor area) 

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The black line represents the 

best-fit line of the baseline emissions for the CES (R2 = 0.78). The color gradient represents the 

CHP efficiency (ɖCHP) of the prime mover, and the marker type indicates the type of prime 

mover used. The blue markers indicate that an ABC was adopted without a coupled CHP. 

 

 

Figure A.16. Relative change in annual N2O emissions 

Includes all simulated buildings when the CHP supplies all the electricity demand, and the 

cooling is supplied by (a) an AC system or (b) an ABC system. The color gradient represents the 




















































































































































































































































































































































































































































































































































































