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SUMMARY

Within the next 30 years, the -oo0ing dbs ener

demands increase and building services and transportation systems are electrified. Infrastructure
investments are lontgrm decisions, and to mitigate andptto 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 $siHfuel 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
couldcause blackouts or brownouts. However, adopting a distributed @a@st# system would
require a massive reorganization of our existing energy infrastructure, and potentially lock cities
into fossitfuel dependency. Accordingly, stakeholders need to utaaelshe longerm

environmental impacts of a CCHiased 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 CCHRmsgsti.e., the air emissions and water
consumption of distributed CCHP systems within various climates and power regimes. To do

this, we developed enerdpalance models of hybrid energy systems composed of the centralized
power grid, conventional heatirapd-cooling equipment, CCHP systems, anesde 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
greenhousgas (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 Statessalts re

XV



suggest that despite their energy efficiency benefitstandard distributed CCHP systems may
hinder the decarbonization goals of countries with ongoing renewable energy transitions and
simultaneously increase regional water consumptiespecialy in waterstressed regions.
Nonetheless, CCHPs may still prove invaluable towards reducinggpesaigy demands

considering the massive energy investments that will be required over the coming decades. The
results presented in this dissertation highlidet potential benefits of CCHP systems and

provide caution on the potential lotgrm consequences of these investments.

XVi



CHAPTER 1. INTRODUCTION

1.1 Cities and the future of energy

Cities are extremely resource intensive. While only occupying 3% & the t hfies | c e
landmass, cities house 50% of the poputatiproduce 6680% of global greenhouse gas (GHG)
emissions and consume-80% of the energy generatéBetween 2018 and 2050, urban
inhabitants will increase from 4.2 billion to 7.4 billimespectively: Correspondingly, energy
demand is expected to double by 2050 as building services and transportation systems are
electrified® A newer report from the International Energy Agency (IEA) projects that global
spacecooling needs will trig¢ by 2050 relative to the 2016 datuindriven by rising urban
populations, soci@conomic welfare, and global temperaturésorder to satisfy the increased
power demand, especially during peak loads, global power generation capacity must increase by
approximately 2,500 GW which more than the current power generation capacity of the United
States (U.S.), Europe, and India combifié@bnsidering that the power sector is a major source
of environmental impacts, cities are critical intervention iatreducingthe 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 energygeneratn and storage systenadl driven by human behavior, resource availability,
and environmental impactBigurel.1). These choices have lotgrm effectdhatimpact the
environment, humawell-being andthe energyesilience of nations. One strategy for

developing a more sustainable and resilient engnglis distributed energy generation (DEG).
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Figurel.l. The interrelations of the energy system

Each subsystem tependent 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 imp&otiow) that later inform policy adoption.

DEG systems may include solar photovoltaics (PV), energy storage, and combined
cooling, heat, and power (CCHP) systeEGsare ofterthoughtto reducesnvironmental
impacts andncreasehe resilience oénergy infrastructure€ombined 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 dispatchabklbat is, they can generate energydemand’ they can also
powerbuildings ancritical infrastructuresn the event of a blackout or browno8imilarly, PV
systems are also operationally carbon neutral; however, they usually require energy storage or
netmetering policies to mitigate thaitermittent natureConsidering these two overarching

objectives (i.e., sustainability and resilience), poliegkers, designers, and operators have many



considerations and options to create the best energy infrastructure for the coming decades.
this end, many policiefiave been implemented around DEG. A short discussion is provided

below.

1.2.1 Distributed energy generation policies

The increased popularity cdmewable energy resoura@ger the past several decades has
significantly impactedegulation frameworks to reduce barriers for their adoptibe. Hederal
EnergyRegulatoryCommissionFERQ) has issued several key ordsnsce the year 2000
encourage the deployment of renewables in ti& &kveral are worth mentioningERC Order
890 (2007) targeted the transmission network to provide-apeass tariffs for new generation
to participate in the market, which affected large scale solar PV and wind power fIERE
Order 745 (2011) required independent system operators (ISOgaodal transmission
organizations (RTOs) to pay custorstiie capacity resources including demasesponse and
distributed energy resourcBEERC Order 1000 (2011) drastically impacted how 1SOs and
RTOs plan and pay for new transmission and distiinutissets by allowing technologies other
than transmission lines to be considered as power transfer assets @).’ Fnally, FERC
Order 755 (2011) required |1 SOs to -ceasapbddrngh
resource$

The mos popular renewable energy resources, solar and aredjot dispatchablé@o
mitigate the inherent intermittent and uncertain nature of solar and ethret mechanisms are
needed to match generation with demand. With low levels of renewable generatitional
generation resources (i.e., fossil fuels) are the primary balancing autaritgnewable
resource penetration increases, the ability of traditional generation to handle this becomes

tenuousNatural gadired power generationpergy storagsystemsand demand response



provide flexibility in power demand to help counter the intermittency of renewable resdurces.
Since CHP systems can be naturatiyasl, they are often thought of a mature lask method
to supply theflexibility 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 emmhpetitive
independengeneratord® However, the Energy Policy Act of 2005 removed this restriciiooh
forcedindependent generators to sell on competitive matR&srrently, he adoption of CHP
systems istill incentivized in most states within the U%S!Finarcial incentives for CHP
systems in the U.S. include bonds, commercial property assessed clean energy programs
(PACE), electric and gas utility rates, feledariffs, grants and rebates, investment tax credits,
loans, and nemetering policies? But degite all these benefitthere are still financial and nen
financial barriers for CHP adoption ihe U.Srelative 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 CHPB®loreover, over 60% of the CHP capacity is
installed in industrial facilities (i.e., petroleum refining, chemical manufacturing, and-gager
pulp) with very little potential for growtH To incentivize theadoption of CHP systems, states
and municipalities need to address key financial andfinancial barriers.

Stateby-state financial barriers for CHP adoption include high standby rates, project
financing andspark spread the difference in cost betwe@urchased electricity and the cost of
natural gas needed to produce electritit}f. Most of the U.S. is subject to amfavorablespark
spread meaning thaelectricity prices are low and natural gas prices are. Highorder to
mitigatethis and othefinancial barries, Brown and Herrera recommend increasing investment

tax credits, removing the system capacity limitatj@msl including CHP systems in clean



energy portfolios? Non-financial barriers for CHP adoption include:disageements in the
business model of the electricity providespecially with foiprofit investorownedutilities; 2)
negativesubjective impressions based on anecdotal evidgeoeming from lack of knowledge

or experienceand 3) managing the risks and biisefrom multiple cost and revenue streams
where separate cashers will use the heat and electrical outputs of CHP systeAukiressing
nonfinancialbarriersrequiresstates to aid woultbe consumers witbomplex agreements on
ownershipCHP Technical Assistance Partnershgiable interconnection standards and standby

rates,and flexibility with longterm agreements to minimize the risk of stranded assets.

1.3 Literature review on the environmental impactsof distributed energy systems

Previous studies suggest that the adoption of distributed CHPs may increase energy
systemsod resil i enc e®%and reduceaGHIG and hirspollatant br ownout s
emissions 31919 waterfor-energy consumptiotr;*¢*°and fuel consumptidft?? 22 associated
with electricity generation when compared to the previous U.S. electricity grid rAixggsani
et al. studied the potential of internal combustion engines for a CHP system from a utilization
rate, economicand air pollution point of view? Yan et al. developed a parametric ebshefit
model foradistributed CHP system and showed that lifecyclewater consumptioandsulfur
dioxide emissioraremuch lower for CHP compadéo grid electricity!®?*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 s¢&Adigo
studies have compared the life cycle impacts of a centdN£&=CC 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 u&&d:?*For instanceCHPs can be coupled with

absorption chiller§ABCs) to supply cooling loads to commercial buildings and industrial



plants?® Unlike electricallydriven air conditionersABCs areheatdriven systems that use a
binary refrigeranfabsorbent solution to absorb heat from hot water, steam, or combustion
exhaust to chill water?® 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 pexa@HG emissiorrs

Outside ofair emissions, energy systems are known to consume large amounts of water
The power grid, for instance, consumes wdtegctly throughpower generatiofi.e., through
cooling towers) andindirectly throughupstream cycles associated to fuel production, refining,
and distributior?’ 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
waterfootprint of CCHP systems tend to assume that water consumption is neglittbfé:?
This poses a problem because absorption chilladsich are typically coupled with CHP
systemd use a cooling tower to reject heat into the environment, and thesabyroe watet®
Many studies regarding ABCs: develop detailed phenomenological models or algorithms to
optimize ABC performancé 3 assess the energetic and exergetic efficiency of different ABC
configurations or working fluid&3%3%"and, evalun e t he ABCs O environment a
performance when coupled with renewables, cogeneration, trigeneration, and industrial
systemg?®:18.19:3844 \jgst studies that incorporate climate variation into their models tend to focus
on theperformance of the ABC under different clim&t€s®or on coupling the ABC with solar
thermal energy as the prime mo¢&f?Unfortunately, the findings of these studies do not

provide much insight into the wat@r-cooling consumption that is saciated with ABCs.



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 distrdal CCHP systems within various climates and power
regimes. The research objectivesasdollows:

1. Developenergybalance models of hybrid energy systems composed of the
centralized power grid, conventional heatangdcooling equipment, CCHP systems,
and onsite renewable poweeneration

2. Evaluate how different DEG combinationspact energy reliabilitygreenhouse gas
emissions, conventional air pollutant emissions, fuel consumi@hwater
consumption.

3. ldentify the dominant driveror eachmpactas they relate tthe DEG technologies

and their operating parameters.



CHAPTER 2. COMBINED HEAT AND POWER MAY CONFLICT WITH
DECARBONIZATION GOALS 1 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-§eesd combined heat and power (CHP) energy
system in the United States (U.S.). We develop an e#imigmnce 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-bests e scenari o where all the
allocated toward building deands 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 decreaseNG 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 CHFbased systems typically do not have enough benefits versus an-N&eQ
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 decatbhenergy systems and

may aid in the transition towards a cleaner energy economy.



2.2 Background and Motivation

To mitigate the energy sectordés environmen
efficiency and decarbonizing our energy souféédistorically, 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 dioxjde (CO
as coal per unit of combush energy'® Between 2011 and 2019, 103 ciatd power plants in
the U.S. have been converted to or replaced by natural gas combined cycle power plants (NGCC)
i which use steam and gas turbines to produce electiiétySince energy use to elsft and
heat commercial & residential buildings constitutes overtbird of U.S. greenhouse gas
(GHG) emissiong!°distributed combined heat and power (CHP) systems may present an
advantage over NGCC by improving the overall conversion efficiency.

CHPs couple a prime moveithe primary mechanical or electrochemical method of
energy conversion with a heatrecovery unit to recover and reallocate waste heat. Therefore,
CHPs may provide an overall conversion efficiency that is higher than thatwerdenal
thermal power plants (TPP¥)Conventional TPPs are sized to supply the electricity needs of
cities, consume water to reject h&and are often situated outside of city liniitand power
losses increase with transmission distafiadle r ef er to thi s paradigm a:
generation. In comparison, CHPs are typically placed near thesamdo allocate recovered
heat to satisfy the usero6és thermal demands (e
campuses)’Wer ef er to this paradigm as 6distributed
generators can take the role of O6minidé power

heat.



Previous studies suggest that the adoption of distributed CHPs may incregye ene
systemsd resil i enc e®%and reduceaGHIG and hirspollatant br ownout s
emissions>1% 19 waterfor-energy consumptiotr;*¢*°and fuel consumptidft?? 22 associated
with electricity generation when compared to the current &legtricity 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 viei®Yan et al. developed a parametric ebshefit model
for adistributed CHRsystem and showed thisie lifecyclewater consumptioandsulfur dioxide
emissionaremuch lower for CHP compadéo grid electricity*®>?3Cappa et al. compared the
technical and economic performances of a proton exchange membrane fuel cell taah inter
combustion engine for CHP under a residential energy supply sc&harfew 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 ohgsijldihich may limit how
the energy outputs of CHPs are udeth:?*For instanceCHPs can be coupled with absorption
chillers to supply cooling loads to commercial buildings and industrial pi2islike
electricallydriven air conditioners, abgation chillers ardneatdriven systems that use a binary
refrigerantabsorbent solution to absorb heat from hot water, steam, or combustion exhaust to
chill water2® 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 ethissions
Hence, more research is needed to identify when CHPs reduce the eevitalnmrdens of
building energy consumption.

In this chapter, we compare the air emissions of a hybrid energy systemi(MBBh

incorporates distributed CHPs and/or absorption chiiléosthe lowest impact Nbased
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alternative that we refer to asethonventional energy system (CES). Our scope is limited to
commercial building applications in 16 U.S. cittésWe define the CES as an energy system

that uses presently common technologies and system configurations. We developed an hourly
energy balace 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 natdmr@dyas
furnace or boiler, and the cooling demand is met by an electric chilleadtiqa, the CES

would likely include a combination of renewable and-nemewable energy sources; thus, this is
organi zed around a O6best case6 for CHP to ens
compare the CES to the HES we calculate the opaet®@HG emissions (i.e., GOmethane

(CHg), and nitrous oxide (D)), conventional air pollutant emissions (i.e., carbon monoxide

(CO), nitrogen oxides (N£), particulate matter (PM), sulfur dioxide (§Qand volatile organic

compounds (VOC)), and NG csumption.
2.3 Materials and Methods

2.3.1 System Configuration

Figure2.1 shows tle system configuration for o@ES and HESn the CES, electricity,
heating, and cooling aspplied byan NGCC plant, aNG-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 treaektent
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 malydstiw electricity from the grid (which
we assume is electrified by an NGCC) or heat from an onsite natufdeghboiler in cases

where the CHP does not provide enough energy to satisfy the buildingAcadsdingly, we
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assume that buildings are cawted 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 dectric chiller and N&ired 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 emardal impacts of

the CES and HES.

KEY
Electricity =» Heat Cooling=> CES  HES =

AC Bus
Energy )
o
|
|

Boiler/ ‘_g"
Furnace

Figure2.1. System configurations of the conventional energy supply (CB#jhlighted in the
gray boundary and the hybrid energy supply (HES) which can includéhaltechnologies 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 (Begure A4 andFigure Ab).

Combined
Heat and
Power

2.3.2 Assumptions and Data Sources

2.3.2.1 Cities and Buildings

We used the U.S. Depment of Energy (DOE) simulated demand energy profiles for 16
commercial reference buildings in each of the 16 representative cities of thevtiéh
represent one of the 16 U.S. climate zofi@hese energy demand profiles were generated
through a ollaborative effort of the DOE and three of its national laboratories in 2G#&#

Deru et al (2011) for a detailed methodolSgttributes from each city are presented in the
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supplementary informatiodPPENDIX A) (Table Al, Figure Al, andFigure A2). 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>* We assume that all building energy demands match the commercial reference

building models* and adopt the NREL simulated demand reference period ofi2P024.

2.3.2.2 Conventional Energy System

The CES supplies energy through gedel electicity, an NGfired 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 fuelfired centralized power plant that uses the same fuel as a CHP, thus, we
compare CHP pesfmance to the likeWpestcase alternative N@erformance. Moreover, when
all emissions are allocated to electricity production, NGCCs emit lessh@®most CHPs per
unit of electricity generatetf:>®

The performance metrics for the NGCC wgatheed from the 2020 Annual Technology
Baselin€® andthe Argonne National Laborato(fable A2).>’” The performancenetricsof
conventional heating and cooling eguignt were obtained from the UEBnergy Information
Administration EIA)°® andDeru and Torcellin{seeTable A3 throughTable A5).>° We assume
that the buildings use a baswdel commercial rooftop air conditioner with a coefficient of

performance (COP) of 3.4 and an MNi&d boilerwith a 99% efficiency.

2.3.2.3 Hybrid Energy System

The HES supplements the CES by adding a CHP and/or an absorption chiller(AdBCe
2.1). The EPA catalogs the perfornee of five CHP classes: (1) reciprocating engine, (2) gas
turbines, (3) steam turbines, (4) microturbines, and (5) fuel ¥dllse rates of fuel

consumption, electricity and heat generation, and emissions outputs depend on the

13



thermodynamic cycle ofeeh CHP (se€igure A3 andTable AB).>2 Steam turbines were
excluded inhis analysis because they are typically limited to industrial applications rather than
commercial applicationsour st udyods focus. For model si mpl |
CHP operates at capacity and has a constant emission and NG consumptafficiatesy, and
heatto-power ratio (HPR)Table A6). 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. Rat hecaseuscenmul adbi onswhe
energyial | ocated to the commerci al buil dingsd en:
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 technologydses 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 AB&:“°Previous studies assume that CHPs and ABCs are coupled (i.e.,
combined coolingheating, and powgror CCHP) to exploit the CHPOGs
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 buil dings. ABCs6 viability is typicall
they have a lower coefficient of performance (COP) and have higher capitdi’cdstse
concerns might not reflect environmental and economic performancasdeel) 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 €d#ts&s worth noting that electrifying
all building service$ including heating ash coolingi 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 sirgjie ABC with a COP of 0.7. We exclude tgtage
ABCs (COPO1.35) becauswe 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 scopestageBC would
likely reduce the amount of heat required to cool a building relative to the-stagie ABC and
this assumption limits the robustness of our general results. In cases where the CHP cannot

supply the buildingbés heat demand, an onsite

2.3.3 Modeling
For a full description of the energy balance model and cailonfatsee SectioA.2. of

APPENDIX A

2.3.3.1 Supply and Demand

We aggregatene hourly building energy demands into either electriéy ieating Q), or
cooling (C). Technologies, j, andk supply electricity, heating, and cooling, respectively, at each

timestep as shown in equatio2sly through 2.3).

lo lo 21
5 5 2.2
8 & 2.3

By inequality @.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-teeppwer ratio may produce more
heat than is required for theilding 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 distriifibmn keeping with our
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interest in realistic but besise CHP conditions, we use the Swedish average distribution loss of
10% distribution loss for all heating and cooling suppligdhe CHP and the ABE:52A longer
discussion on energy losses for distributed energy systems can be found in A8dfioive do

not consider electric ohermal energy storage systems.

2.3.3.2 Impacts and Efficiency

We calculate the annual emissions for two air pollutant classes: GH&ESCQ, CHa,
and NOT and conventional air pollutants (CAP).e., CO, N@Q, PM, SQ, and VOCs. We
exclude noroperational G and CAP emissions because previous articles show that the
equi pment 6s manufacture contribution towards
compared to the other life cycle stagese., operational emissions, fugitive emissions, and fuel
acqusition & delivery (FA&D)?2%%!

We calculate the total emissions as the sum of the opeabtindleakageemissions of
pollutart wminus the avoided emissions (discussed bel®iv)g equation.4). We use the
average Chileakage rate estimated by Alvarez et al. (2.89%)We adjustheleakageates
estimated by Alvarez et &ito representhe fractionCH4 leaked normalized bthe grossNG
withdrawalsby assuminghatNG is 90% methaneby masgTable A7 andTable A8).%° The
NG system can be subdivided into four stagesduction processingtransmissionand
distribution For leakage values associated with the NGCC, we excludisthibutionstage
since NGfired power plants are supplied directly by the transmission pipelines from the NG
processing and treatment plaft¥e assume t hat the boilersd and
delivered through the N@istributionsystem, which accounts for apgmmately0.11% of

methane leaks normalized by the gross natural gas withdréedike A8).5*
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We assume that any surplus heat produced by the CHP is reallocateet toeat
demands in other buildings that would otherwise have been provided by-&redGoiler.
Accordingly, we assign CHP emissions or fuel consumption credits (CHP credits) since
reallocating CHP heat offsets heat generation from a#fifd@ 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 N@red boiler to produce the equivalent amount of heat. Regardingti@H
CHP credits include offsets for avoidedkage (see equatioh.28in APPENDIX A). For
instance, a commercial gas laviproduces 0.182 kg G@er kWhn of heat Table A3); thus, 10
kWhn of surplus heat would displace 1.82 kg of CBecause the FA&Iphase contributes
significantly towards the life cycle impacswe calculate the NG (fuel) consumption of our
system 0 using equatio2.5. In calculating fuel consumption, welgrtonsider 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.

Q  Qf Qr Qf 2.4

"0 O O O 2.5
We adapt the Total Fuel Cycle Efficiency (TFCE) metric from Best &8 @dquation

2.6) to quantify the overall system efficiey. 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 (egation2.7).

BYi QOwa 2.6

OO0 O 0

o
Y'08 ‘Op - 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 electrioty () and heating demands

(O

)

divided by the

reference

bui

di

A

ngos

climate zone is shown iRigure A6 of APPENDIX A. We explore the following scenarios in

our results: 1) our baseline case (the CEpy @HP 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

Figure2.2 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, NGfired boiler, and an electrical AC system for cagh. To aggregate the GHG

emissions, we used the 198ar global warming potential (GW{#) without feedback for CH

(28) and NO (265)%" We provide the emissions of GHCO,, and NO and the relative change

for all GHG emissions ifrigure AllandFigure A17.
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Figure2.2. The annual GHG emissions intensity (tonnes&0n?) 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 limepresents the best line emissions for the CES R 0.96). The
color gradient represents the CHP efficiengy€) of the prime mover, and the marker type
indicates the prime mover. Blue markers indicate that an ABC was adopted without being
coupled © a CHP.

Only fuel cells and reciprocating engines reduce @issions when coupled with an
AC systemi otherwise CO, emissionsncrease The fuel cell and reciprocating engine classes
had the lowest C&emissions factors and were on the higher rangleeoéfficiencies, reaching
greater than 80% conversion of the NG into useful energy.e@tissions increase in most cases,
which we discuss in the O6Methane Leakagebd
relative to the CESemissiondand ly&remissipns frdmencré€abel 6 s
onsite heating and leakagespecially when an ABC is adoptdeddure A1l andFigure A12).

These results are consistent with previous literature comparing NGCC and distributed CHP
systemg®?'When the disparity between the GHG emissions profiles of the AC and ABC
scenarios isdrge fFigure A18), the CHP is not generating enough heat to satisfy the heating and
cooling loads of the building=(gure A9).

Relative to the CES, all CHPs except fuel cells increase GHG emissions when the CHP
fully displaces the NGCC for electricity supply. Fuel célishich constitute 22% of the cases
(2550 of 11,475} redued 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 seiivice.,, CHP and the NGCC both supply a
fractionof the electricity. Relative to the CES, the AHP system increases GHG emissions for
all combustion CHPB reciprocating engines (2%6%), gas turbines (28%13%),
microturbines (60% 72%)1 whereas fuel cells, on average, reduce the relative GHG emissions
by 7%= 5%. In cases where we show negative absolute emissions (e.g., negative)a@

mean the system may offset the GHG emissions from afird&boiler, not that CHPs are
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cabon negative. Similarly, most CHPs increase GHGs relative to the CES when the ABC system
supplies the cooling fuel cells (11 % 7%), reciprocating engines (14#4d.8%), gas turbines

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

2.4.1.1 Methane Leakage

Methane enssions from leakage contribute, on average, more than 30% of the total GHG
emissions. The CES leakage emissions{3& kg CQeq per M of floor area) are

approximately 36% 2.4% of total GHG emission$able2.1 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 demandN@hdigenand,

and subsequently, leakage from the NG sysiiénis is consistent with previous studfés?

If we assume no leakage, reciprocating engines as well as fuel cells can reduce
operational GHG emissions relative to theleakage CES with bothooling systems. Overall,
GHG emissions decrease relative to thdeakage CES in 41% of cases (2,279 of 5,610) with
AC cooling and 20% of cases (1,18%45,610) with ABC cooling.

Table2.1. The average GH@missions (kg Céq m?) from methane leakage and relative
change of methane emissions from leakage (%) relative to the CES leakage efhissions

parentheses when the CHP system supplies all the electricity demand. The values outside the
parentheses regsent the arithmetic mean and standard deviation in kgC®?.

Cooling Scenario

Prime Mover* 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 = Microtul
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2.4.1.2 Global Warming Potential

Over the past decades, the I nter gstmaesforment al

methane increased and may continue to do so in the future. The GWPs we used neglect climate
carbon feedbacks that would otherwise increase theg@@0GWP (GWR) of methane and

nitrous oxide by 21% and 12%, respectively. Our analysisshowaat a 10% change
GWPyo corresponds to an average 3.7% change in overall GHG emisEabis A9). Relative

to the CES, sensitivity to the GWWHis lower for all combustiofbased 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 Ni&ed boilers. However, under the-3@ar GWPs (Chli 84

and NOi 264f'Ta 200% i ncr eas eqgovalnes ondytfubl aclisaeilisce GNP
emissions relative to GWFCES. Under the bestase scenario (CHP with AC cooling), GHG
emissions drop in 17% of the cases (976 of 5,610), which is approximately half@¥P oo

results (1,785 of 5,610). Accordingly, the GW#tues are heavily influential in the decision

criteria as methane leakage has a higher weight. These results indicate that corbhastion

CHPs are generally ineffective as an NGCC replacementitcing GHG emissions for

commercial buildings, and agree with Berril and Hertviitch.

2.4.2 Conventional Air Pollutants

The dominant drivers for CO and M@missions are heat demand and supply, and
electricity demand and supply are the dominant driverBKband SQ emissions. In cases
where we show negative absolute CAP emissions, we mean the system may offset the CAP
emissions from an N@red boiler, not that CHPs are absorbing CAP emissieigsire2.3
below shows the annual N@missions intensity for all buildings simulated. The CO emission

trends Figure A21) are similar to thee for N (Figure2.3). The NGf i r ed boi |l er 6s
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emissions factor is approximately four times larger than the NGCC, while the{3sion

factor is nearly three times largdraple A2 andTable A3). Conpared to the N@ired boiler,

most CHPs have smaller N@missions factorsT@ble A6). When paired with an AC system

for cooling, CHPs offset heat generation fromiNg& boiler and subsequently reduce the overall
emissions of CO and NQOn over 99% of our cases. The coupled CHP and ABC may increase
CO and NQ emissions where the CHP cannot meet the heat demandstifese cases, the
CCHP combo reduces CO and Ni@ over 70% of the cases. CHPs with high HPRs and fuel
cells reduce CO and NQhe most because more N#Biler heat is offset, and they have
negligible CO and N@emissiams, respectively.

P m— | Prime Mover:
5 66 70 74 78 82 86 T FC M RE X GTe MT « None
400

-400 +—rrrrrrrrrrrr e
0 05 10 15 20 250 O 1.0 15 20 25

Annual Energy Demand Intensity (MWh m2)

Net NOy Emissions Intensity, g m=2
o

Figure2.3. The annual N@emissions intensity (g ®) 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 representsthe bést t | i ne o Emissitns for€hE SEB RNIDS).

The color gradient represents the CHP efficiemgy:f) of the prime mover, and the marker type
indicates the type of prime mover used. Blue markeligate that an ABC was adopted without

a coupled CHP.

SO and PM emissions depend on the fuel type used in combustion systems. SO
emissions depend on the sulfur content of the fuel and are usually associated with liquid, solid,
and landfillgasfuel®?’l n t he case of CHP systems, sul fur oc

and lifespan, especially in gas turbines and fuel é&lls. mitigate these losses, sulfur is
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typically removed before NG is fed to the CHP using sulfur adsorbent bed cataR/sts.
emissions are a carryover from roombustible constituents in the fuel or the incomplete
combustion of larger molecular weight hydrocarb®na/e assume only the CHP system fuels
undergo a desulfurization process and that PM anda&primarily enitted by the NGCC and
the NGfired boiler>? Because the N@red boiler has a lower emissions factor for both PM and
SO than the NGCCTable A2 andTable A3), 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 N@ired boilerand will reduce PM and S@missions Figure A24through
Figure A27). Sincesurplus heat from the CHP offsets heat from anotheifiN@ boiler, CHPs
with higher HPRs produce the largest PM and &0uctions.

The assumpt i oxard P¥M emissiadhsli®based dd Gur literature review and
the lack of inventory data, whichigsents a severe limitation. The disparity of inventory data
regardingtheS®&and PM emi ssi ons of NGCCs and CHPs may
Air Markets Division monitor i ngempgsionsdactarcan Our
be tracedfroNREL to the EI A, to the EPA. Further in
Generation Resource Integrated Database, or eGRID, reveals that out of the 6802 NG units
reporting emissions data, over 70% estimate thepreé®@ssions, while the others do not resor
source>® Accordingly, it is possible that the difference inS#@nissions between the NGCC and
CHP is negligible. Nonetheless, NGCC power plants are still required to repostr8€3ions
through the Acid Rain Program. For context, an NGCC produces ~100 times }ebai$Coal
fired power plant§®

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

supplies the cooling-{gure2.4). Compared to an NGCC, the VOC emission factor of all CHPs
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is anorder of magnitude greaterexcept for fuel cells and a couple of microturbines with
negligible VOC emissionsT@ble A6). Accordingly, only these fuel cells and noturbines

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. Accordinglyhduvidit the dominant driver of

VOC emissions is the method of energy generation (i.e., combustion vs. electrochemical) and
emissions control. Fuel cells combust thegdBses with plenty of excess air (leanmbustion)

at temperatures high enough to oxelVOCs and CO, while simultaneously preventingiNO
formation (less than 1,80B).52 The remaining CHPs use a catalytic process to oxidize VOCs,
CO, and NQ. This may benefit regions trying to reduce health impacts associated with air

pollution, espedilly since NQ and VOCs are precursors to tropospheric ozone formation.

P m— | Prime Mover:
5 66 70 74 78 82 86 T FC M RE X GTe MT « None
80 [ 9 n
@ g B0 n B

Net VOC Emissions Intensity, g m2

1
250 0. 1 1.5 2. 25

r 1
0 05 10 1. 2.0
Annual Energy Demand Intensity (MWh m2)

Figure2.4. The annual VOC emissions intensity (¢f)nfor all simulated buildings when CHP
supplies all the electricity demand, ahe tooling is supplied by (a) an AC or (b) an ABC
system.

The black line represents the béistine of the CES baseline emissions’ 6R0.98). The color
gradient represents the CHP efficiendyHp) of the prime mover, and the marker typdicates
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

Figure2.5 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 decreasesfin 12% o
cases (673 of 5610) with AC coolingigure2.5a) and 5% of cases (306 of 5610) with ABC

cooling Figure2.5b). 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 consumptionyiri atenario.

PR E— Prime Mover:
Mere "66 70 74 78 82 86 *FC MRE % GTe MT » None

s ] (@) X 1(®)

e

y
2.5 S i

TTTTT T B |

T T T 1 T
0 05 10 15 20 250 O 1.0 15 20 25
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N
o
1

Figure2.5. The annual NG consumption intensity (MWnfior all simulated buildings when

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

The black line represents the béistine of the CES baseline emissions’6R0.92). The color
gradient represents the CHP efficiendyHp) of the prime mover, and the marker type indicates
the type of prime mover. Blue markers indicate that a As adopted without a coupled

CHP system.

The combustion compressors along the pipeline produce the most upstream emissions in
the NG systemds |ifecycle due t*Althoughewietio ci enci
not calculate the FA&Eassociate@missions, Mann et &l.report that the FA&D stage
contributes to t heouwyKP a0%), N& (2 &%) dnedVOG H2B%)( <

emissions assuming a ¢keakage rate of 1.4%0.5% of the gross NG produced. Since this
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leakage rate may benderestimate&5°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 typésgure A30throughFigure A40). We used logarithmic
regression to generate the best fit line for the CE®Ie A10). 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 TFCEaw increase regardless of increased or decreased NG
consumption. Rather, higher TFCE values are found alongside higher efficiency EigiiPe (
A.30throughFigure A40). 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 vaidés
and 92% for AC and ABC cooling, respectively. These results conform with avrbyi&lmer
et al%®

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-site, as previously discussed.Wfaver, 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 consumptiame fTFCE 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

26



CHP efficiency for fuel cells ranges from ~75% to 989%° 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 {Jweimprove the
performance of distributed CHP systems, one may instead try to match the community profile to
the CHP energy output8 A stronger focus should be placed on evaluating CHPs for district

heating and cooling applications. We summarizeresults inTable2.2 below.

2.4.5 Limitations and Uncertainty

This study has limitations and uncertainties. First, we onlgstigate NGbased systems.

By comparing a CHPased system to an NG&fased 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 infrastruchakis$ less compatible with an
energy supply that is becoming 6cleaneré over
systems use hydrogemergy storage, fuel cell CHPs may be an exception because they use
hydrogen to generate power. Thetfdmat the distributed CHBased system we studied does not
necessarily perform well relative even to the NGkaBed system suggests there are not enough
benefits versus an even cleaner energy system to justify a massive reorganization of

infrastructure sgtems, ongoing investments, or decarbonization time frames.

Second, methane leakage is highly uncertain and varies sp#tf&llySince 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 doetjuire increased oversight and
mitigation strategies for methane leakage. We are unsure how these strategies would impact the

over al l | i fecycle impacts or costs. The wuncer
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emi ssions©o

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

CHPs and the NGCC.

Table2.2. Average relative change (%) aggregaigdCHP 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 availabl@able A11. Values less tharl00% indicate

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

from additional NGfired boilers, not that CHPs are absorbing the emissions.

i ti\s wecdenonstratedGthe@lsoice of the-26 100year GWP

CHP GHGs Criteria Air Pollutants NG TECE
Class CO, CHs NO| CO NOx PM SO Vvoc |Cons.

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 |

We use the model developed in 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 ot rapidly transition to renewable energy (e.g., Russia, China, India, and P8l&hd).
For instance, fossil f ueiloswhiahr78% i9 @ndCGhindRu s s i a
is rapidly displacing coal with N&: "3 This study is also relevafor developing nations in
Africa that still heavily dependent on fossil fuels (e.g., coal, gas, diesel, and pdraFfiig.
model can inform policymakers, researchers, and energy system planners alike on the benefits
and drawbacks of CHP systems givaur outlined assumptions and limitations. Since one of the

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

andprevious work has also shown that CHP with thermal storage has potential for GHG
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emissiong’* more research is needed for improved heat dispatch strategies or thermal storage
options. The CHPs we studied do not consume water for energy genétéatiomike NGCCs,
which consume between 13@0 gal per MWHh.”” More research is needed to evaluate the
tradeoffs of waterfor-energy consumption, especially if the electricity grid is expected to
become less water intensive over tifd€inally, this nodel could be improved by analyzing the

interactions between a distributed CHP, renewables, and storage s¥stems.
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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 (P)batiery energy storage
versus the current energy system in the United States (U.S.). We develop arbateangyg
model in which each energy system supplies the electric, heating, and cooling demands of 16
commercial building types in 16 climate zonestaf U.S. We quantify the greenhouse gas
(GHG) emissions and conventional air pollutants (CAPS). In most cases, thalstaad®V
system can reduce GHG emissions more than a-sfand CCHP system or combined CGHP
PV system, despite having a higher defmte on gridgenerated 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 engy 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

Combned 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 fesgl thermoelectric powergnts.
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However, previous studiésincluding our owri' 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 gfid*Nonetheless, CCHP systestsl hold value in making

energy infrastructures more resilient. For instance, CCHPs maintained critical services and
infrastructures operational in New York during the wéalg blackout caused by Hurricane

Sandy’® Moreover, our previous work suggetitat noncombustion CCHPE i.e., those that use

fuel cells are the prime movemay be compati ble with a &écl eane
excess renewable energy systems are paired with govgais energy storage (i.e., hydrogen gas

and methane gas recbmation).

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 thes@itSenergy 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 natusfiteghboiler or an
electric boiler, and cooling is supplied byelactric aircooled chiller. To compare the CES to
the HES, we calculate the operational GHG emissions [i.e., carbon dioxidg (@Ghane
(CHg), and nitrous oxides (/)] conventional air pollutant (CAP) emissions [i.e., carbon
monoxide (CO), nitrogen aes (N&X), particulate matter (PM), sulfur dioxide (90and

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

3.3.1 System Configuration
Figure3.1 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 gdsed boiler, and cooling is suped by an electric chiller. The CES
functions as our reference case. The HES is similar, but couples either a (1) CCHRBES PV
or a combined (3) CCHPV-BES system with the grid to satisfy the energy demands of the
building. A CCHP supplies electrtgi heating, and cooling to the building, while the-BES
system only supplies the electricity. Sectid.1of APPENDIX Bshows the system

configuration for each scenario separately.

KEY
= DC|AC | O | Electricity =» Heat Cooling<»> CES| HES=¥
Photovoltaics 84...........................: Combined Cooling
» Heating and Power
Boiler/ == = = _I
DC|AC . Furnace I Combined

@ =) Heat and |

| Power
: I
Demand i |
Electric I
Grid Power Chiller SRREEEEE B I

Figure3.1. System configurations of the conventional energy supply (CEB®&hlighted in the

gray boundary 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
deentralized and centralized energy generation technologies. The PV and BES systems are AC
connected and all conversions are modeled as spughe losses. Accordingly, all electricity
demands are met from the AC Bus.

3.3.2 Assumptions and data sources

3.3.2.1 Energy denands

We use the electricity, heating, and cooling demand profiles for 16 commercial reference
buildings within 16 representative cities in the U.8ach of which represents one of the 16
climate zones in the U3 Attributes from each city and referee building type are presented in

APPENDIX B(Table B1). We assume thaitl building energy demands match the commercial
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reference building mode® and adopt the NREL simulated demand reference period ofi2004

2014.

3.3.2.2 Conventional energy system (CES)

The conventional energy system (CES) serves as our reference case. ThgpQlES
electricity through the conventional power grid, an-N@&d boiler, and an electrical atooled
chiller (AC). We assume that all grid electricity is supplied to each city by its respective regional
transmission organization (RTO) or independsstem 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 reguled 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 minuteby-minute kasis Figure B1).8° Accordingly, the electricity supplied to a city and
the subsequent impacts from its generation cannot be attributed to a singleypoemiting
facility. Rather, the impacts of grid electricity consumption should reflect the NERC regional
mix (Table B4).

To estimate the emissions from gatéctricity consumption, we use the U.S.
Environment al Protection Agencyds (EPA) Emiss
Database (eGRID), which catalogs the environmental performance of power plants in the NERC
regions®! These NERC regions are divided into smaller subregions by eGRID to characterize
grid losses, GHG emissions, and air pollutafitsb{e B5).>® The performancenetricsof
conventional heating and cooling equipment were obtained from th&bkefyy Information

Administration EIA)°® andDeru and Torcellin?® We assura that the buildings use an electric
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air-cooled chiller with a coefficient of performance (COP) of 3.5 and a naturdirgdsoiler

with a 99% efficiency.

3.3.2.3 Hybrid energy system

The HES couples distributed energy systems (i.e., a CCHP and/osysteYh) 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 supplentbat€ES 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 rooftofBBS system to supply electricity and an
electric boiler supplies the headi. The third scenario adds both, a CCHP and a roofteBEY

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-thethermal load (FTL), followthe-electric load (FEL), and an FFEEL 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 operegion a
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 evahejerformance 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 naturafigascombined cycle power

plant?t. We include both operation scenarios.(iFEL 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 steantwe assume that only singiéage absorption chillers can be coupled with each
CHP. Absorption chillers are kkconventional chillers but replace the electric motor with a
thermal compression system that uses heat as the primary energy Bipgte stage absorption
chillers (COP ~ 0.7) recover the CHPs heat output in the form of hot water-présaure
stean, whereas twstage absorption chillers (CAL.35) intake heat in the form of high
pressure steam or direct exhaust. To simul ate
we use the performance data for lithium bromide/water HBD) absorptn chillers from the
DOE factsheets for singlstage absorption chillers.
3.3.2.3.2 PV Scenario

In thePV Scenaripwe assume that all building services are electrified; that is, heat is
supplied by an electric boiler with 98% efficiency (Jedle B3) and cooling is supplied by an
electric aircooled chiller. The PV system is coupled with battery energy storage (BES) to supply
the building with electricit. Each PV system is composed of a rowfunted PV array and one
or more inverters. We assume that the PV modulesaresoath i ng and tilted to
| atitude to maximize the amount of solar ener
intermittent nature and the mismatch between the electricity load and the PV electricity supply,
we couple each PV system with a lithiiiom battery energy system (BES). Specifically, we use
the Tesla Powerpack which has a birilbatteryinverter (sed able B8).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 erggggrated 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 Senariocouples a CCHP, a roofiounted PV system, and a BES. In this
scenario, the CCHP uses fREL 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 thePV Scenaripthe 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 thas€@iEhScenario
3.3.3 Modeling

3.3.3.1 Energy supply and demand

In the energy balance model, all hourly electricy, heating § ), andcooling ©)

demands are satisfied by the included technologies in each scenario (EqRiatibraugh3.3).

O O © O ;i 0O (0] (0] O i 31
0 0 0 0 32
0 0 0 3.3
The electricity loads (see equati®d) include the baseloa®( )1 i.e., interior

and exterior lighting, fans, pumps, and miscellaneous equipnieaelectrically driven air
conditioning © ), the electricdy driven boiler © )1 only in thePV Scenarioi and the
electricity required to charge the BES ( 9. The hourly electricity demand is supplied by the
electricity grid © ), CHP O ), PV (O ), and/or bydischarging any stored electricity in the
BES(©O ) (Eq.3.1).Eacwas determined by dividing the cooling load ( ) by the
ACds CO#Rmly,OSi masldetermined by dividing the heating load ( ) by its

electrical efficiency (98%JO | gis only greater than zero when the CHP or PV produces

more electricity than demanded. If at any point the electricitplgup larger than the electricity
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demand including storagé the electricity is curtailed. The heating loads (&8) include the

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

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

cooling load ¢ ) by the ABCG6s COP. The -tredddileri s supp
an electric boiler, or a CHPdepending on the scenario. Finally, the cooling load3XBpis

supplied by either the AG( ) orthe ABC § ).

3.3.3.1.1 Combined Cooling, Heat, and Power

CHP performance data is available through the DOE and the EPA for twio@dGCHP
classes thaare small enough to be deployed at the individual building scale: microturbines and
fuel cells®>23The performance and emission metrics of each CHP system are shibaien
B.6. The heat output and fuel input for each CHP system are dependent onliagaatioi
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 linearizeabels for each CHP (s&:2.2.7), similar to
Gopisetty and Treffinger (201%)and Gopisetty et al. (2019 Since we assume that each
CCHP system is locataahsite, 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 usingyhb python module from the
PV Performance Modeling Collaborative (PVPME€For detailed moding steps used ipvlib,
see the PVPMC websif&Thepvlib 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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lossesAC/DC energy conversion losses, electricity clippitfglhe geospatial and climate data
are extracted from typical meteorological year fileee Wilcox and Marion (20085.

The PV array for each building is sized to meet the jgdadtricity demads 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 peakelectricity demand. Therefore, we designed theaRdly 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 (SANPWe limited our selection to gritied
inverters in case any surplus eledityi is input to the gridor when the systems are grid
connectedTo 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 ehergy a power output
greater thanhe inverter capacity that must be curtailed. For a more detailed discussion on PV

array sizing or inverter selection, SeBPENDIX BsectionB.1.4.1

3.3.3.1.3 Battery energy storage

For our BES, we chose lithisinn because it is a mature technology with high retipd
efficiencies (8595%)8° and is likely to remain the dominanttaology contingent on electric
vehicle developmerf The BES system modeled (i.e., the Tesla Powerpackl) consists of pre
packaged lithiumion batteries and the battery balance of systembuiltin inverter, protection
system, and charge contfdIThe main attributes that control the performance of a battery
include the roundrip efficiency @rt, EQ.3.4), storage capacity, depth of discharge, and cycle
life. The roundtrip efficiency quantifies the amount of the energy input into the Bz, ()
that can be extracte&dat, out) in one full chargealischarge cycle following energy losses. The

storage capacity is the amount of energy (kM#aici) that can be stored within the battery. The
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depthof-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 Seati&.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(Egck5) under the assumption
that all of the energy input to the battery under specific constraints detaBe2i4nlis stored
(Eq. 3.6). For further discussion on the BES constraints and the BES charging/discharging

algorithm, sed.2.4andFigure B12in APPENDIX B.
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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 mamiroperating power of

the specified battery.

3.3.3.1.4 Dispatch

The dispatch algorithm used is detailedi2.5and shown irFigure B13 of
APPENDIX B. In summary, the dispatch algorithm first reads the building and climate data and
aggregates thelectric 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 systegsestp the
algorithm will run a separate BES algorithm (see Se®i@¥.1landFigure B12 of APPENDIX

B) to determine the among of electricity charged or discharged. Finally, the algbatantes
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the energy demands with the electricity supplyry excess energy that cannot be stored is either
dissipatednto the environment as heat (i.e., wast@ddold back to the power gnfithe system
is grid-connectedIf the systems argrid-conneted thenexcess electricity can ajectedinto
the power gricandredistributed to other usel§the systems are ngrid-connectedthey are
said to baslandedor operating irislandmode and all electricity supplied onsite can only be
consumed osite.
3.3.4 Environmental impacts

For each energy generation scenario, we calculated the emissions of greenhotise gases
i.e., carbon dioxide (C£), methane (Ch), and nitrous oxide (dD) i and five conventional air
pollutantsi i.e., carbon monoxide (CO), roigen oxides (N&), particulate matter (PM), sulfur
dioxide (SQ), and volatile organic compounds (VOCs). The emis$ipof(each air pollutant
(o) was calculated by multiplying the annuatsite energy generation of each technolagy,
either electricity'Q) or heat ) i by the appropriate emission factori() i see Equatios.7.
That is, the emissions of the grid and CHP are calculated by multiplyirxy the respective
electricity generationand the emissits from the natural geged boiler are calculated by
multiplyingi by its het generationFor power coming from the grid, we must consider the
grid-loss factor 100 YGince the emissions factor applies to energy generated onsite. Since we
assume that the CCHP, PV, and BES systems are all located onsite, we assume thatsseergy |

are negligible.
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We quantify the air pollutants fasland-modeandgrid-connectedperation modedAll
energydeficits are supplied by the CES (i.e., the power grid, naturdirgalsboiler, 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 iffable3.1. 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
gasfired boilers based on each unit of heat delivéregdcept for NYUP whose generation mix
is mostly natural gas (69%) and nuclear (30%) Tsd#e B4). Moreover, ve narrowed the
scope of CAP emissions to those producegditei and thus disaggregate them from the power
grid. The average GHemissions intensity and unaggregated GHGs (i.e2, C&s, and NO)

are shown imable B10.

3.4.1 Greenhouse Gas Emissions

The annual GHG emissions intensity (kg floor area) for eleven of the eGRID
region corresponding to the 16 representatitiecmodeled is shown Figure3.2 for cases in
islandmode(a) andgrid-connected mod@). We aggregated the GHGs using the-gear
global warming potential (GWRjalues without feedback loops for CH4 (28) and N20O (265).
The unaggregated GHG emissions are showigare B14 throughFigure B16 of APPENDIX
B. GHG emissions grouped by climate zone are showgure B17 throughFigure B20.

In islandmode only the PV scenario reduces GHGs emissions relative to the CES in
most cases$2.4%z+ 15.4%). Fuel cells can also reduce atohm 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 hedb-power ratios (HPR) smaller than 1. That is, they tend to produce more
electricity than heat at a givéime. 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 (seeFigure B17).** Accordingly, for the given system designs, CHP systems
operating under FEL may only reduce GHG emissions in cooler climates (i.e., climasebzo
through 8). If an electric boiler is used as the auxiliary heat supply for a ®as#el 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 FTLiopgehae¢l cell CHPs
may produce an abundance of electricity that will be wastetiaindmodeoperation. As an
example, the solidxide fuel cell (SOFC) we simulated has a Hegiower ratio of 0.36Table
B.6) and the hospital reference building has a-he@ower demand ratio between 3 and 6. This
results in the wasting of over 87% of the electricity generated by the SQsl@nidmode
operation. Accordingly, wheislanded the CCHPPV scenario is just as emissive as the CCHP
scenario under FTL operation. For context, the €issions factor for fuel cells ranges
between 333 and 513 kg/MWhAwhereas the CQemissions factors for each US power grid
range betweeh06 and 692 kg/MWfor the contiguous U but can be higher (750 kg/MVWh
when we include Hawaii and Puerto Rio.

Grid-connectedperationonly 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 considethe storage or transfer of excess heat in this study. \@iebiconnectedthe

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,

ISOsRTOs with low GHG emissions intensities (&.-edMWheg), such as NYUP (~

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

reductions.

Table3.1. Summary of the average GHG and CAP emissions intensity for each scenario
operating inslandmodeandgrid-connected

Impact Category*

Scenario GHGyo0** CO NOx PM SO VOC
Reference 139 + 127 19.9+257  23.6+30.5 179+231 0.133+0.172 1.3+1.68
= M 239 + 226 0.408 + 1.46 0£0 0+0 0+0 0.408 + 1.46
o (83.7+117)  (-92.6+58.9) (-100+0)  (-100+0)  (-100+0)  (13.3 + 899)
5 GcC 71+ 108 0.408 + 1.46 0+0 0+0 0+0 0.408 + 1.46
© (-41.8+64.3)  (-926+58.9) (-100+0)  (-100+0)  (-100+0)  (13.3 +899)
= M 162 + 124 443+47.1  526+559 3.98+4.24 0.297+0.316 2.9+ 3.08
o (27.4+50.6) (945 +4790) (945 + 4790) (945 + 4790) (945 + 4790) (945 + 4790)
5 GC 162 + 124 443+471  526+559 3.98+424 0.297+0.316 2.9+3.08
© (27.4+50.6) (945 +4790) (945 + 4790) (945 + 4790) (945 + 4790) (945 + 4790)
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  gg5+64.1 00 0+0 00 00 00
(-53.1 + 15.9) (-100 + 0) (-100+0)  (-100+0)  (-100+0)  (-100 +0)
> M 237 + 226 0.408 + 1.46 0£0 0+0 0+0 0.408 + 1.46
o (81.4+118)  (-92.6+58.9) (-100+0)  (-100+0)  (-100+0)  (13.3 + 900)
§ GC  s59+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 GHGoo, GHGyo, and CQ - are in g/m. The parentheses
indicate the average percent differenelative to the reference case.

**GHG 100, GHGyo, and CQvalues are in kg Cq/n?
*** |M: Island Mode GC: Grid Connected

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

correspondd a given climate zone, and the impacts corresponding to tpelaitant emissions

correspond to each eGRID region. PV generation was only simulated for each of the 16

representative cities (s@@able Bl). 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 systengairfcsint.
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Figure3.2. The annual GHGo emissions intensity (kg C@q / nt of floor area) for commercial
buildings in 11 of the 23 eGRID regions for (a) the bushasassual 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 intdrv

To better understand the trends for each s
GHG emissions for the contiguous U.S. for each climaatee and eGRID region combination
for a total of 94 eGRID region and climate zone combinations. Theisld@issionsfor each
system whemgrid-connectednd inislandmodeoperationare shown irFigure3.3 andFigure

B.21, respectively.
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Figure3.3. The annual average regional GH&emissions intensity (kg Caeqg/nt) for
commercial buildings in the contiguous U.S. wisgetems argrid-conrected

In islandmode(Figure B21), both the CCHHFEL scenario and the PV scenarios
indicate the potential for reducing GHG emissions. However, the combin€OPMP systenin
islandmodewould only exacerbate GHG emissiongadan some cases double théMhengrid-
connectedFigure3.3), the combined CCHPV would provide the greatest reductions in GHG
emissions by offsetting GHG emissidnem highly emissive grids. For instance, MROE and
SRMW!1 highlighted in deep green Figure3.3d 1 have a C@emission factor of 692 and 672
kg/MWhe, respectivelyln these cases, we show that these regions have negative GHG emissions
T 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 CGhaiiopting system to become more emissive.
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3.4.1.1 Global Warming Potential

We define GHGoo as the GHG emissions aggregated using theyg&a® GWP (GWio)
GHGy as the GHG emissions aggregated using thge2®0 GWRBo. The chice between GWi3o
and GWRo only impacts the contribution of GHowards the total GHGs, namely because
GWPxis 4 times larger than GWE&. Unlike our previous work! we do not consider fugitive
emissions from the adoption of CHP systems; therefore n@®es up a majority of the GHG
emissions (over 97% for GHe and GHGg) and is not particularly sensitive to the GWP of
CHas or N2O (seeTable B10). On average, the GHgemissions are approximately 0.09%%

13% larger than the GHigy emissions.

3.4.2 Conventional Air Pollutants

Based on our assumptions and our localized scope, thee@#sBions of each scenario
depend on the climate zone and the technologies used to supply heat. Accordingly, any scenario
in which the natural gaired boiler is replaced (i.e., the electric boiler in the PV scenario or
CHP in FTL operation) reduces m@AP emissions to negligible amounts. VOC emissions are
the only exception since the VOC emission factor of the fuel cell CHPs and the natdnedyas
boiler are in the same order of magnitude.

Relative to the CES, the CHP system operating in FEL modis te increase CAP
emissions. This is namely due to the increased heat demand for cooling caused by adopting an
absorption chillef! Since fuel cells tend to have smaller HPRs than other CHP systems, they do
not produce enough heat to supplement tbheeased cooling demand caused by adopting an
absorption chiller (1.43 kWH kWhc). Any heating deficits are thus supplied by an auxiliary

natural gadired boiler, which results in increased CAP emissions especially in climates with
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high cooling demandss shown for CO ifrigure3.4. The trends for CO remain the same for all

other CAPs, as shown for NOPM:o, SG, and VOCs irFigure B22 throughFigure B25.
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Figure3.4. The annual CO emissions intensity (g%ohfloor area) for commercial buildings in
each climate zone in the U.S. for (a) the bushassssual case irslandmodeoperation isn
place and (b) whegrid-connections 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 opatspdndently at the

building or community scale. For instandeg inundations caused by Hurricane Saledty
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approximately 2 million people without electricity in New York Gibut power generation

from CCHPsystems maintained the functionality ofiltiple residetial buildings hospitals,
universities, and public service facilities (i.e., water treatment pl&mscordingly, we

guantified the average amount of electricity that is supplied by theFjgdré3.5) and the

number of hours in a typical year (out of 8760) in which each building can operate independently

(Figure3.6) for the given designs.
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Figure3.5. The average percentage of electricity demand that is supplied by the power grid.
The solid bars indicate that each technology is deployddidually (i.e., a stanélone
microturbine CCHP, fuel cell CCHP, or PV). The crbstched 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 thermahd.

The average fraction of electricity supplied by PV systems is shofxigume B26,
separated by building type. Since the PV array size is limited by therbgildis r oof ar e a,
cannot generally be oversized. Accordingly, most commercial buildings with rooftop PV systems
will require electricity inputs from the griétigure3.5 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 FEEigure3.5 andFigure3.6 because

can operate independently from the power grid; however, unless an electric boiler is adopted,
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CCHPs cannot operaindependently from the natural gas grid. Although we do not include
microturbine CHPs in our environmental analysis, we include thdfigure3.5 andFigure3.6

for context since they typically have higher htapower ratios than fuel cells. On average,
CCHPs in FTL operation would require, less than 20% of the electriciphstrpm the power

grid. Although this would help reduce ped&mand generation, our previous research indicates
that conventional natural gaembined cycle power planitswhich typically supply peak loads
tend to be less emissive than most CE{Pherefore, if CHP systems are to be considered to
reduce peaklemand generation from the power grid, we suggest that the topic be investigated

from a reliability and resilience perspective.
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Figure3.6. Theaverage number of hours per year (8760 hours) that each building can operate
without energy input from the power gritihe solid bars indicate that each technology is

deployed individually (i.e., a staralone PV). The crossatched bars indicate that t6€EHP

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 previousldiscussed, this configuration would only be environmentally
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beneficialwhengrid-connectedAccordingly, CCHPPV 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 chesadiects 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%62 and lithiumion batteries have an annual roundefficiency degradation of 0.59.

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 maintenarite.

As the power grid becomes O6cleaner, 6 the
continue to diminish. For instance, our recent studies have indicated that CHP systems can
reduce GHG and CAP emissiofts$®however, renewable additions and the decorsimisng of
coal power plants around the U.S. have made the power grid less emissive since the publication
of those studie® Accordingly, future research should focus on the resilience benefits that CHP

systems can provide, or on the logistics of peteagas storage for fuel cefV configurations.

50



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 compas the watefor-cooling consumption of two electric chillérsan air
cooled chiller and (ACC) and a watenoled chiller (WCC) to that of a heatlriven chilleri
i.e., an absorption chiller (ABQG)in the contiguous United States. We develop a rands
energybalance 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-featsroling of
each chiller within two catietlpsumiwate consgmied béc ool
directly by each chiller and the indiriect wat
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 some an average of 2.43, 3.73 + 0.246,
and 3.78 N 0.345 m3 per MWh of cooling, respe
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 saggthat tipping points exist for the water-electricity
consumption of the power grid where the wdtercooling of the WCC and ABC are equal to
the ACC. Both tipping points are found only w

WCC and ABC my only reduce watefor-cooling consumption from the lifecycle scope. This is

important from a wateresourcesandplanning perspective because municipalities in water
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stressed regions are more likely to weigh more localized water consumption (C&P)thagher

inter-regional water consumption (total).

4.2 Background and Motivation

The International Energy Agency (IEA) projects that global sjggacéing needs will triple by

20501 relative to the 2016 datuindriven by rising urban populatiorsociceconomic welfare,

and global temperaturé<onsequently, the IEA baseline scenérighich assumes lenient

minimum energy performance standards (MEPS0ojects that global power generation

capacity must increase by approximately 2,500 GW tsfgdtie increased load for space

cooling, especially during pealemand hour&For context, this is more than the current power

generation capacity of the United States (U.S.), Europe, and India corfibinékie

conventional electric chillers, abstign 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 coofih§ince absorption chillers are hehiven,

they may operate during pedemand hours without further burdening the electric power grid.
Absorption chillers (ABCs) have a similar thermodynamic cycle to conventional electric

chillers, but replace the ekeically-driven compressor with a thermal compressor that uses a

saline solution to transfer energy between the external heat source and the reffigériant.

thermal compressor operates through an absorgésorption cycle between the refrigerand an

a saline solution with heat as the primary energetic driver (i.e., prime n{d¥da3orption

chillers are classified by the working pair (i.e., refrigerant and solute), system configuration and

cycle, and the heat source for the gener&t$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 algorithmsofmimize ABC performancé 3 assess the energetic
and exergetic efficiency of different ABC configurations or working fli$;” and, evaluate
the ABCsd6 environmental and economic perfor ma
cogeneration, trigenation, and industrial systen%!e19.3844

Most studies that incorporate climate variation into their models tend to focus on the
performance of the ABC under different clim&fe$-4®or on coupling the ABC with solar
thermal energy as the primsover#®4?Unfortunately, the findings of these studies do not
provide much insight into the watéar-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 tOWée heat and mass transfer
processes within the cooling tower result in the consumption of Wwatelaning that water is
removed from its ecosystem or watershed via evaporation. Feostutlies we surveyed, only
Avanessian and Ameti quantify this watefor-e ner gy consumpt inakapas 6cC 00
water6which is the amount of water required to maintain a constant cooling water flowrate
within the AC after evaporative lossesiftd and blowdowr?3 A backof-the-hand calculation of
these values indicates that P kg of water is consumed per kWh of cooling that is suppfied.
Nonetheless, these values represent the peak performance characteristics of the ABC. To
guantify tre operational watefior-energy consumption of the ABCs, we must couple an ABC
model with the realime cooling demand and climate conditions.

Therefore, the goal of this study is to quantify the water consumption associated with
various chillers for eactlimate zone of the contiguous United States (U.S.). To do this, we
develop an hourly firslaw 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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convenional electric aicooled chiller, where the main watesnsumer is the power generated

to satisfy the electricity demand of the-agoled 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., elgctr heat). Finally, we
guantify the water consumption associated with each chiller under different scenarios using our
model outputs and available water-energy consumption data available from the literature.

Each of these steps is detailed in thiéofving sections.

4.3.1 Climate data and building energy demands

We use the typical meteorological year (TMY 3) dataset from the National Renewable Energy
Laboratory (NREL) for the hourly ambient temperature, humidity, and atmospheric pf&ssure.
We used the LS. 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 B¥.8ttributes from each city are @sented in
APPENDIX C(Table C1 andFigure C1 throughFigure C3). As of 2011, these commercial
reference buildings represented the characteristioser 60% of the commercial building stock

in the U.S. and served as hypothetical models of their ideal opetimassume that all

building energy demands match the commercial reference building nibeats adopt the

NREL simulated demand refnce period of 2004 2014.
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4.3.2 Reference case and electric chiller simulation
We simulated the cooling supply of two electric chillers, oneailed chiller (ACC), and one
watercooled chiller (WCC). Although both use electricity as the prime mover fiogeeation,
the ACC rejects heat directly into the air while the WCC rejects heat to a ceaieg 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 eac
ACC with a coefficient of performance (COP) of 33 he reference case represents the cooling
scenario in whih electricity consumption is the only source of water consumgtmmthe
WCC, we developed an energy and mass balance model (conventionalefageration
cycley’ of a conventional centrifugal wateooled chiller (se€igure4.1a, and Sectio.2.3.
The WCC consists of four main components (i.e., compressor, condevesgorator, 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 sstglge vaporefrigeration cycle, the
WCC we modeled achieves a COP of 3lee electricity demand of the WCC includes the
electricity required by the chillerdéds compres
tower6s fan. We used cool i ng®ttdetermine the noglingh e er i n
t o we r 0 sratadnd farfoweo requirements (see Sector?.6.3. 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 heatorejéetia cooling

tower.
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4.3.3 Absorption chiller simulation

In our third cooling scenario, cooling is supplied by a shagtect lithium bromide absorption

chiller (ABC) and the primary water consumption sources are the cooling tower and natural gas
consumptiorthrough a CHPFigure2.1Figure4.1b shows the schematic diagram of the ABC

The ABC consists of seven main components (i.e., genératodesorber, condenser,

evaporator, absorber, a solution pump, and two expansion valves), two internal circuits (i.e.,
refrigeranti water, and the absorbena lithiumbromide (LiBr) solutiol, 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 naddd has a COP &.69.

(a) Cooling (b) | Recovered Cooling
Tower D =1 Heat Tower ;>
[ Condenser QN}enerator [+ Condenser
2 K 51; i H* t m
a <& olution Hea U
3] o D < T
[@’6_ ® 3z Exchanger ®% %
a @
g = Throttling g
(&} Valve
| Evaporator = Absorber |+ Evaporator <h
+ 4 . t ¥
Building Airc . Cooling Building Air
Handler Tower Handler
Legend: :>Direction of Energy Flow
Refrigerant Cooling Water =p Chilled Water
= LiBr Solution = Hot Water ® Circulation Pump

Figure4.1 The refrigeration cycle for the (a) watevoled chiller and (b) absorption chiller

modeled in this work.

Each arrow color represents the refrigerant (orange), coobitey \{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 wateoled chiller uses refrigerant 134a, and the
absorption chiller uses pure watey 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
cooledchiller, absorption chiller, and cooling towers, s&gure C5 throughFigure C8.
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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
Sectionsl75C.2.3 C.2.4 andC.2.6 respectively. The cooling demand for each building
(1 ) is supplied by tehnologyQ

0 0 4.1
We assume that the chillers operate under stetdg conditions. Each chiller was designed for
500 kW of cooling (kW) capacity(approximately 140 cooling tons, which is sufficient to cool a
typical hospital during its peak annual cooling demarftBtween each component, the mass
balances of the refrigerant, LiBr solution, cooling water, chilled water, hot water, and dwy air a
expressed in generalized form by equatidh whered represents the inflow and outflow mass

flowrates (kg/s) of the fluid
a & 4.2
The energy balance at the inlet and outlet of each component is expressed in generalized

form by equatiort.3, where'Qrepresents the enthalpy (kJ/kg) of a given state poinband

represent the heat transfer rate (kW) across the component
0 a0 ) 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 eachgiahrsince previous
studies have quantified the wafer-energy consumption values for this datum (Eakle

C.2).2527 We use the eGRID2020 grldss factors"@ Yfor each subregion (s@able C2)8! to

guantify the amount of electricity produced by a given pesugaplier before transmission and
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distribution losses@ ). The portion of electricity generated by the power plant to supply the
ACC is shown ind.4:

O 4.4
p 00O

O
where, O is the electricity demand (kKWhoiing) Of the chiller to meet the cooling demand.
Compared to eGRID2014, the eGRID2020 dass factorsare, on average, 6.5% higher. For
example, the gross grid loss for SRB@reased from 5.0% to 5.3% between 2014 and 3920.
However, the change in the gilaks factors between 2014 and 2020 is inconsequential to the
‘O calculation. In fact, a simple comparison@f using equatiod.4 indicates that there is
less tharD.5% absolute difference when we apply 8 W@lues from20200ver those from
2014.

We assume that the ABC is coupled withadural gadired 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 equatién

6p|9 4.5

"0

where,; O represents the fuel consumption of the CHP (k\MJhO is the heat supplied to the

ABCOs gener at 0 rHa)P ys the heato-gowePratip &f Wé CHP, ard  is the
cogeneration efficiency of the CHBased on equatioh5and t he CHPs & operati
parametersiable C5), if —  increased or decreased by 1,a%teris paribus t he CHPO&s f
consumption would decrease or increase by 9%. Similarly, if thetdvpatver ratio increased or

decreased by 10%, fuel consumption walddrease or increase by approximately ¥.do

not consider any distribution and transmission losses from the ngasrgtid with respect to the

fuel consumed by the CHP, as was done in our previous $tudy.
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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 showat tlistrict heating and cooling systems may lose

up to 34% of their energy in the distribution of hot and cold Wat&**To maintain realistic

but bestcase chiller conditions, we use the 10% Swedish average distribution loss to account for
energylosses in the distribution of chilled wafér?

4.3.5 Waterfor-cooling

We use the definitions of water withdrawals and consumption from Grubert and S4&nders.

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 blowdawne suppl ement ed by
updé6 water to maintain a Wedefmdwatertconsdumpiionasat e o f
water that is withdrawn from and not immediately returned to its originating ecosystem as part of

a process (i.e., evaporated toreje@he f r om a syst efor}c.ooWe ndyedf i ne 0
consumption as water that is consumegither directly or indirectly to satisfy a given cooling

demand and we do not distinguish between water sources (e.g., groundwater, surface water, etc.).
Moreover, ve categorize the consumption into one of three scéfigsré4.2). In the context of

chillers, watercooled and absorption chillers directly consume water by digsipla¢at 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 gridal involves wateconsumptive

processes (e.g., thermoelectric power plants). We refer to the onsite water consumption at the
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power plant level as poutf-generation (PoG) water consumption. Scope 3 is the indirect water
consumption upstream processesrfrthe power generation (i.e., fuel acquisition, production,

processing, and transport).

1 3
Cooling PoG Up-
Tower stream
( C&P )
( Total )

Figure4.2. The three scopes of water consumption corresponding to chiller systems.

Scope 1 represents thect water consumption from the onsite cooling tower; scope 2

represents indirect water consumption from power generation at theopgiaheration (PoG);

and scope 3 represents water consumption of the upstream processes from power generation (i.e.,

pi mary energy production, processing, and tral
consumption refers to the sum of scopes 1 and
and3.

For the purposes of our study, we define two categories of cunauasterfor-cooling
consumption. The first category, O0Cooling and
2; that is, the water consumed by the onsite cooling tower and the offsite PoG. The second
category, Ototal , 6 Reapd3dmtasnthesvatertha is sonsomedlly s c o p
the onsite cooling tower, offsite PoG, and any upstream processes from the PoG (i.e., primary
energy production, processing, and transpdvg.do not include the indirect water consumption
of any processeassociated with material acquisition, manufacture, transportation, construction,
installation, or maintenance of the chillers.

Water consumption is calculated by equatddh

® FEow P O Zwo'® O zwo60 4.6
where,w i is the volume of water consumed during the operation of cf@ler
W i is the volume of water evaporated (assuming that 1,000 kg of watePsfl m
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water) from the cooling tower from the WCC and ABC; and'Ois the water consuption
intensity of the grid or conventional natural gasd(O ). We use the water consumption
intensities reported for each eGRID subredi@md fuel typ&® (seeTable C2).
Since the climate zones span over multiple RTOs and ISO§&ipae C1 through
Figure C4), a single climate zone or eGRID subregion cannot fully represent thefaater
cod ing consumption of each chillelrimaAttceozadnead
geographic combinations (segyure C4 andTable C3). 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 toeaRID subregionlhe
waterfor-cooling consumption intensity for the cooling sysf@is expressed as:

e @ i 4.7
w6 P —

where, 6 @ is the volume of water consumed by cooling sysfsim 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 wateoled and absorption chiller models under nominal
opemtion are shown iffable C9 andTable C17, respectively. Both models haviendar
performance and operational parameters to models found and verified in lif@r&teie 10002
and fall within the ranges supplied by chiller manufactut®¥£’ Under nominal operating
conditions, the singlstage watecooled 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 gaetked

interactions, temperature and ntare gradients, drift, or blowdown that may be found in more
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detailed cooling tower modet8Compared to the calculated values from Avanessian and
Ameri > who report between 1 to 2 kg of maie water per kWh of cooling (kWdh our make

up water vales range between 1 and 4 kg of makevater per kWh 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 Se€idr§. 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 réetevaporative losses from cooling towers is
approximately 2% of the water withdrawals (i.e., cooling water flow PAta)y cooling tower

model indicates hourly evaporative losses range between 0.1 and 2% of the-aatdinfow

for the WCC and the AB. Accordingly, we believe these values to be within a reasonable

margin of error for our modeling purposes.

4.4.2 Peak electricity demand

The averagedlaily peak coolingelectricity demands for the ACC, WCC, and ABC are shown in
Figure4.3. Relative to the ACC baseline, the WCC and ABC can reduce peak eledoieity
cooling demands of commercial buildings by 33% and 93%, respectively. This electricity
demand includes thdeetricity requirements of the refrigeration systems, pumps, and cooling
tower fans. For context, in 2016 spammmling accounted for over 15% of the total electricity
demand and approximately 30% of paea&ctricity loads in the United States. Of thesacep
cooling requirements, the commercial sector accounted for nearly 30% of the elefdricity
cooling demanda.key driver for the projected increase in spemeling needs (e.g., urban heat
island effect, increased energy density), WCCs and ABCs aafysatreased cooling demands
and offset powegrid capacity additions especially since they can be deployed via district

cooling schemes.
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Figure4.3. Average peak cooling electricity demantensity (W per nt of floor area) for air

cooled chillers (ACC), waterooled chillers (WCC), and absorption chillers (ABC).

The sharp drops along each curve represent the commercial buildingqudialg load on the
weekends; That is, the daily pealoting 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 wétarcooling consumption values frof water per MWh)
are shown irFigure4.4 and further detailed irigure C11throughFigure C14. The contiguous
US-aggregated weighted average wdtarcooling consumption values are showTable4.1.
We used the areaeighted 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 o6cl-eGRtE gwmhregi ond pair.

The wateffor-cooling values are the most variable for the elegtowered systems (i.e.,
ACC and WCC), namely because the wditerelectricity values are highly variable between
eGRID regiong’ Within the contiguous U.S., the PoG water-electricity consumption ranges
between 4.27 and 11.7%mper MWh, and the total ranges between 8.13 and 15genMWh
(seeTable C2).?”Given these watefor-electricity consumption ranges, the ACC and WCC
scope 2 watefor-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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respetively. The scope 2 and scope 3 water consumption values for the absorption chiller are
much less variable, with the largest wdtarcooling consumption value about 2 times larger
than the smallest in scopes 2 and 3. Unlike the ACC and the WCC, thearsgamption from
the ABC is mostly controlled by the climate zone. Specifically, the water consumption was the
hi ghest for hot dry cl i madue€l), (vuichis reastnablez ones e
since dry air has a higher moisture acquisition capacity than moist air and we assume that air
exiting the cooling towers is saturated.

Figure C15shows the percent change in wditarcooling consumption of the WCC and
ABC relative to the ACC. Relative to the-awoled chillers, watecooled chillers and
absorption chillers increase the water-cooling consumption in most sas within C&P but
may decrease the total wafer-cooling (Table4.1). The change in C&P watéor-cooling
consumption is large for WCCs (14%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 redantin wateffor-electricity consumption relative to the
ACC is not enough to offset the increased wat
evaporative losses for the WCC and the ABC.

Regarding the total watdor-cooling consumption, the impact of elecity consumption
is much more pronounced, especially in eGRID regions that have high upstreasfowater
electricity consumption intensities (e.g., AZNM, CAMX, MROE, MROW, etc.). The U.S.
weightedaverage watefor-cooling values indicate that the WCC Miricrease watefor-
cooling consumption and that the ABC will decrease wiatecooling consumption; however,

both have wide rangésbetween28% and 67% for the WCC and betwe8t% and 76% for
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the ABCT further highlighting the importance of climatedagridpower supply. In many cases,

the electricity savings from the WCC are enough to offset cotdivwgr losses.

(@) Cooling and Power (b)

A

Air-cooled
Chiller

—_
O
~—"

Water-cooled
Chiller

—~
¢
~

Absorption
Chiller

0 1 2 3 4 5 6 0 10 20 30 40 50
Average C & P Water-for-Cooling Average Total Water-for-Cooling
Consumption m3/MWh¢ Consumption m3/MWh¢

Figure4.4. Average watefor-cooling consumption (MVIWhc) for air-cooledchillers, water

cooled chillers, and absorption chillers.

Each row indicates the chiller tyjpe.e., (a) and (b) are agooled chillers; (c) and (d) are water
cooled chillers; and (e) and (f) are absorption chillers. Each column indicates the scop®iand

bari 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 wateffor-cooling is the addition of water consathfor upstream conventional natural

gas production, processing, and transportapa ( p 1 m3 per GJ of electricity deliveret)
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i all of which equal approximately 0.028C per MWh of natural gas delivered
(g 1 p 1 m°per mmBTU of natural gasThe additional upstream water consumption
intensity for the ABC is still relatively small compared to the water consumption that results
from the cooling tower (approximately1®% of the total watefor-cooling consumption), and
thus its effect may be nkgible compared to upstream water-electricity consumption
associated with ACC and WCC. For context, Grubert and S&hdstsnate that the upstream
water consumption for natural gas is one to two orders of magnitude smaller than that of other
fossi fuels (i.e., coal, ethanol, and biodiesel), nuclear, hydropower, and geothermal upstream

processes.

Table4.1. Average watefor-cooling consumption aggregated for the contiguous United States.
Water-for-Cooling Consumption, n?/ MWhc”

Chiller and M etric

Cooling Tower* C&P ** Total***
Air -cooled Chiller
Area weighted average 0 2.43 9.26
Range of watefor-cooling consumptior 0 1.291 3.52 2.451 46.4
Water-cooled Chiller
Area weightechveragé 2.1+0.246 3.73 £0.246 8.32+ 0.246
Range of watefor-cooling consumptior 1.3171 3.16 2.261 5.53 2.961 34.3
% Cooling tower evaporatiol 100 56.9+ 28.9 33.8£25.9
% Difference relative to aicooled chiller N/A 61.2+11.0 5.77+5.48
Absorption Chiller
Area weighted averae 3.78+0.345 3.78+£0.345 3.89 £0.336
Range of watefor-cooling consumptior 2.651 5.14 2.651 5.14 2.731 5.37
% Cooling tower evaporatiol 100 100 97.1+ 7.63
% Difference relative to aicooledchiller N/A 70.4+155 -28.2 +7.48

AAll values were rounded to three significant digits

¥ The weighted average was calculatedBasi ;0 7B 0 , wherew j represents the watéor-cooling intensity
of technologyQin region'Qandd represents the area of regién

* Cooling Tower: I ncludes onsite water consumpt
** C&P: Includes water consumption from the d@escooling tower any offsite poirdf-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 watefior-electricity on watefor-cooling

The change between increased and decreasedfaatayoling consumption that is a
function of wateifor-electricity consumption indicates that there are points at which the-water
for-cooling consumption of two or more chillers are equivaleigiire4.5 shows the watefor-
electricity consumption versus the water-cooling consumption for all building types in each

of the 94| 6em&REeEDzoned regions.

10 - ——  WClc acc = 0.302 - WClg (R2=1) ACC
—=+  WClc,wee =0.206-WCIg +1.97  (R2=0.995) wccC
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eGRID Regional water-for-electricity consumption intensity, m3/MWh,

Figure4.5. The relationship between watfer-electricity intensity ¢ 6O, m/MWhe) and

waterfor-cooling consumption intensitgy6 "Om3MWhc) for the aircooled chiller (ACC),

watercooled chillefWCC), and absorption chiller (ABC).

The gray circl es, bl ue x©6s, -fonrcdolingana wajegor-d i a mo n
electricity pairs for each chiller and every building simulated in each of the 94 regions. The solid
black, dashedbluend dotted orange-fliitmed i mepr evenmte stploa
simulation data of each chilléFhe red circles highlight the equilibrium points between chillers

and occur whe 60 is 8.48, 12.4, and 20.5¥MWh.. Thecoefficient of determination @

of the ACC is 1 because was calculated directly from cooling demand data. Yhef the

ABC indicates that it is independent of the regiaba ‘@ 6O ranges from 0 to 11.68

m3/MWhe for PoG water consuntipn and from 5.6 to 153.8 #MWh, for total lifecycle water
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consumptiort/ ® 60 andw 6’0 indicate the upper and lower boundaries of the PoG and
totalw O "@alues.

We found three intersection points locatedvai ‘€qual to 88, 12.4, and 20.5
MWhe i highlighted by a red circles figure4.57 and correspond to the WEGEBC (0 ),
ACC-ABC (0 ), and ACGWCC (0 ) intersects, respectivelfigure4.5 also identifies the
waterfor-electricity lower boundary for total consumpti@o 6O and the upper boundary
for PG water consumptiora{ 6°O ) as reported by Peer et?alAccordingly, Figure4.5
suggests that it is unlikely that the WCC and ABC systems we modeleanslime less C&P
waterfor-cooling than the ACC. Regarding the total wdtercooling consumption, the ABC
will likely consume less water than the ACC and the WCC when the power grid has-forater
electricity consumption intensity greater than 1235er MWh..

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 typicaibobgd, this would
make the watefor-cooling consumption of the ACC negligible @ m3MWhc) in
comparison. Similarly, we could expect the wétarcooling of the WCC to remain close to the
scope 1 watefor-cooling value (2.1 + 0.246 #MWhc). Nonetheless, we did not simulate the
combination of CHP systems with electric chillers (iRCC and WCC) in this study.

4.4.3.2 Impact of chiller performance on watfr-cooling

The coefficient of performance of the chiller plays a large role in the efergpoling

requirements and would subsequently shift the intersecting points shéigure4.5. The

watercooled chiller we modeled is a singdeage chiller with a lower COP (5.6) than other state
of-the-art watercooled chillers whose COP values are appraxaty 7.8 (Table S4). An increase

in the WCCb6s COP from 5. 6 4{oocodling8onsumoptidndyad ecr e a

estimated 27% (cooling tower included) and the cooling tower capacity by approximately 4%
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(see Sectio€.3.1.1f or a hand calcul ati on) . Because this

must be rejected by the cooling tower, this would only lead to a decreased slope in the WCC line
(the dashd blue line irFigure4.5), a shiftind0 andd towardsd along thew 6'Q; and
w00, lines, respectively.

The COP oLiBr-H20 absorption chillers ranges from 0.7 for singiage 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.). Since the ABC is still uncoupled from the power grid, this would result in a vertical
downward shift of thes 6°0;  line and shift® and0 leftward along their respective lines.
Because twsstage absorption chillers require higlessure steam or must be directly fired, their
applications may be limited to larger industrial applications wheredaghcity gas turbines and
reciprocatig CHPs can be elocated.

4.4.3.3 Comparison of eGRID 2014 and eGRID 2020

The results presented in this study are limited to the viatezlectricity consumption rates of

2014 presented by Peer efahlthough it is possible to replicate the methods presdmngdeeer

et al?’ to calculate the 2020 watésr-energy consumption rates, it falls outside of our study

scope. As an alternative, we qualitatively discuss the expected changes in tHemwater

electricity consumption of each region by calculating thenge in the subregional power

generation between 2014 and 2020 (Balele C22). Coalfired and nuclear power generation,

which were the largest contributors towaRisG wateifor-electricity consumptio’ 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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watekrfor-electricity consumption is much lower, further encouraging the adoption of ACC
systems from a local watepnservation perspective.

From the lifecycle perspective, we would also expect a decrease relzaatl watefor-
electricity consumption, namely bagse Peer et al. suggest that coal and hydropower have the
highest virtual water footprint relative to other prime movéolar, wind, and natural gas
power generation had the largest capacity additions from 28020. Overall, these energy
sourceshave small watefor-electricity consumption intensities relative to other fuel soufées.

If advances toward decarbonization and investments into solar and wind power generation
continue, we could also expect the continued decline in vi@ateiectridgty consumption.
Therefore, we expect that these changes are more likely to incentivize electric systems (namely

the ACC) over the other alternatives from a wai@rings perspective.

4.4.4 Uncertainties and limitations

This work presented does not represetiaavaterconsumption 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 considerte 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 characteristicedi@ount

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 degragates 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 wateconsumption data undeasous loading and climate schemes, and by
incorporating a more robust cooling tower model. For a discussion on the uncertainties and

limitations of the watefor-electricity consumption values used, see Peer%t al.

4.4.5 The future of cooling and environmahimpacts
The World Resource Institutedos Water Risk At
and southwestern U.S. have a higater depletion index (i.e., the ratio of total water
consumption to available renewable supplies) and may cortrde@so in the futuré®
Decisionrmakers 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. Therefdfglire4.6 we show the average
water consumption required to supply the annual cooling needs of commercial buildings in the
contiguous U.S.

One important difference betwedretPoG and total watdor-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 necessarilyorrespond to the location of electricity consumpfibnhis is important
because municipalities in watstressed regions (e.g., the arid southwé&sgure4.6) may place
more weight on the C&P watéor-cooling consumption than on the total wearcooling
consumption because it has a more direct impact on water resource allocation and competes
directly with agriculture (e.g., Texas and Californi®)On aveage, upstream processes
contribute toward 57% of the total wafier-electricity consumption of each eGRID region (with

a range of 25% 92%)?’ If different municipalities wished to invest in less electriditiensive
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chiller systems, water savingsghi only be obtained through multistate collaboration to reduce

the impact of upstream and mtdtiate virtual water transfers. We do not explore this here.

(@) Cooling & Power (b) Total

Air-cooled
Chiller

—_
2]
~—

Water-cooled
Chiller

,\
&£

Absorption
Chiller

0.0 4 6 8 10 12 14
Average C & P Water-for-Cooling Average Total Water-for-Cooling
Consumption m? of water / m? of floor area Consumption m? of water / m? of floor area

Figure4.6. Average annual watdor-cooling consmption (n¥ of water/nt of commercial floor

area) for awcooled chillers, watecooled chillers, and absorption chillers.

Each row indicates the chiller tyjpe.e., (a) and (b) are agooled chillers; (c) and (d) are water
cooled chillers; and (egnd (f) are absorption chillers. Each column indicates the scope and color
bari 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 styiscope, the method of cooling also has impacts
on greenhouse gas emissions (GHGs) and other conventional air pollutants (CAPSs). Electric
chillers contribute toward GHG and CAP emissions indirectly through electricity consumption
and directly through reffyerant fugitive emissions that have high global warming potentials and
long atmospheric life spart€Except for exhaudired 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 technologi€s.

As discussed in previous wotkthe adoption of distributed heating and cooling
networks powered by combined, cooling, heatimgl 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 effastand ongoing investments into a renewable energy economy.
Subsequently, this work serves to inform stakeholders and deaisikers on the potential
benefits that watecooled chillers and absorption chillers bring towards reducing-peader
demands antifecycle water consumption and provide caution on the potentiattknng

conseqguences of these investments.
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CHAPTER 5. CONCLUSION

Infrastructure decisions are lotgrm, and the energy investments made today will have
long-term implications for thelicnate, human health, and socioeconomic eqidtyderstanding
and modeling energy systems is critical toward aiding stakehdtwexaluate the tradeoffs
between energy security and an environmentally sustainable flhisframework uses simple
energyand mass balance modeatssimulate the interactions betwdaunlding energy demands,
distributed energgeneratorgi.e., combined heat and power, absorption chillers, photovoltaics,
and energy storagejpnventional energgeneratorgi.e., the centraled power gridnatural 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 Spacecooling is the main barrier for a sustainable and resilienergy system

Cooling demands are the largest barrier for creating a sustainable and resilient energy
systemSpacecooling is and will continue to be necessary for climate change adaptation
mitigate heastress mortality; however, this creates a pasiteedback loojn which increased
cooling demands may increase the emissions of greenhousergasesin electricity
perspective, cooling demandee projected tdrive power capacity additiorendwill test the
robustness of existing power griggh peakloads Althoughrenewablesnergy additions will
reduce greenhouse gas emissimos power generatigmnmore work is needed to limit peak
loading in a fully electrified futuréAbsorptionchillers can satisfy cooling demanaisdreduce
stresseto the electricity networkhowever, itwould do so at the cost of increased emissibns
natural gas continues to be their prime moverfully take advantage of a CHPs energy outputs,

electric and absorption chiller systems could also operate in tand&mly cooling needs of
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buildings and help reduce peldading. Nonetheless, such a configuration has not yet been

explored and the benefits and drawbacks are not known.

5.1.2 The role of energy storader sustainable and resilient energy

Several othetechndogies and configurationt® address pealkading and thermal
demands were not explordebr examplepn-site energy storagsystemge.g.,electric energy
storage, thermal energy storage, and peigras storageyould be able to store energy onsite,
chageduringoff-peak times, and discharge during péakirs.Storing energy as electricity
allows the user to choos®w it is used, however, battery systems tend to be expensive and have
shorter lifetimes than other technologies. Thermal energy storaffee other hand, is cheaper
but limits the useon its applicationFinally, powerto-gas storage came coupled with CCHP

systems to generate heating, cooling, and power.

5.1.3 Tradeoffs betweendemandside and supphgide efficiencies

This dissertation focusesh supply-side energy systenasd omitted theynergiesand
discordof demaneside improvementand DEG For examplethe adoptiorthermachromatic
roof tiles could reduce thermdémands butvould compete for space witlolar PVsystems.
Similarly, excess thermal energy can be storgzhasechange materials that are buiitto
building componentdn fact, hundreds of thousands of energyated technologies and
configurationsare possibleand a single prescription for a givaser is unlikelygiven the
variability of energydemand behaviorand the synergistic limits that exists between new and

existing infrastructure.

5.2 Significant Contributions
The work in thigdissertation makes contributions toward the scientific commumihe

following ways.
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5.2.1 Modelingof distributed combined heat and power systems
Most studies that model thpacts ofcombined heat and power systelmase focused
on a limitedsetof buildings, climate conditiongnd timescaleBy simulating thenoully energy
supply and demanfdr 16 reference buildingsglreference climate zonea3 powergrid
regions, and multiple scenarios, this work generated millions ofdatapomtd used a O0bi g

approach to evaluate the effeftvarious drivers on theverall emissionsf energy systems

5.2.2 Waterfor-cooling

This dissertation is the first work of writing to quantify water consumption of space
cooling systems in the contextwéterfor-energy. All other studies thattemptto quantify
water consumption of cooling systemsainfrom the context of makep water at the
operational level or through the use of lifecycle analysi$hich do not account for the
variability of localclimate and building energy dynamiddoreover, this dissertation studies the
operational watefor-coolingconsumption between the poiit-cooling and upstream stages

which provides further insights into the dominant drivers of witecooling consumgion.

5.2.3 The tradeoffs between energy reliability and the environment

Asthepowegr i d becomes O6cl eaner, & research demc
of CHP systems is quickly becoming outdated. The data generated by the models in this
dissertation adis 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 operatidas folCHPs
and was able to highlight how cooling systems have a strong control on the environmental
performance of our energy supply systeifss workacknowledges thatistributedCHP

systems may stilbe holdbenefits for a more resilient energy gribweve, in most cases the
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increase in resilience comes at the cost of environmental damagesy populations athe
needs for cooling continue to grow, thlissertatiormay aid stakeholders and decisioakers
understandhe role that CHP systems can havéhe 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 FORCOMMERCIAL BUILDINGS
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A.1 Data

A.1.1.Climate and building data

We si mul

each of 16 representative cities in the Unitattes Table A1).>* Each of the cities represents

the typical climate patterns for any city within its climate region.

ate our

energy demands based

Table Al. Climate attributes of each of the 16 representative cities

Climate . HDD, DD, Average Relative
City State NERC EMM °C day °C day -
Zone . . Humidity, %
Subregion Region per year peryear

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 Franciscc CA  CAMX CANO 1,566 0 74
4A Baltimore MD RFCE PIJMD 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 b&ligwre A1).!! Climate

on

data from each of the representative cities was obtained from the TMY3 files available through

NREL®’
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Marine (C) Dry (B) Moist (A)

Warm-Humid
below white line

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8:

Bethel, Northwest Arctic, Dellingham,

Southeast Fairbanks, Fairbanks N. Star, Zone 1includes Hawaii,
Wade Hampton, Nome, Yukon-Koyukuk, Guam, Puerto Rico, and
North Slope the Virgin Islands

Figure Al. 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) fighee above was
taken from a DOE repoft?
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Figure A2. Generic climate attributes for each of the 16 representative cities.
The heating degree days, cooling degree days, and average relative humidity were calculated
fromNRELOGs typical me¥ eorol ogical vyear files.
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A.1.2.NGCC

The economic and operational parameters for a natural gas combined cycle (NGCC) plant

are compil ed

ANLOs Updat e

bel

of

oOW. Emi ssi on

fact orfandf r om

E°hwiere 8sedo aonvdtsionstfront Il MMBtu ofdugl input

to kg/MWh of electricity generated were made as needed.

Table A2. Economic and operational parameters for the Natural Gas Pdaver

Metric Value Source
Economic Metrics
CAPEX ($/kW) 1,088 NREL (2020%°
Fixed O&M ($/kW-yr) 13 NREL (2020%°
Variable O&M ($/MWh) 2 NREL (20205%°
LCOE ($/MWh) 35 NREL (2020%°
Thermeelectric Metrics
Heat Rate (MMBtu/MWh) 6.4 NREL (2020%°
Efficiency (%) 53.3 NREL (2020§%°
Pollutant Emissions Factor kg/MWhg
CHa 9E-03  Ou and Cai (2026)
CO 3.4602 Ouand Cai (20265
CO 339.65 NREL (2020%°
NOx 5.81E02 NREL (2020%°
N,O 1E-03  Ou and Cai (2026)
PM10 17802  Ouand Cai (2028
SO 9.58E03 NREL (2020%°
VOC 4E-03  Ou and Cai (2028)
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A.1.3.Furnaces and boilers

We gathered the operational parameters for conventional furnaces and boilers from the
EIA.>8 The emissions factors (kg per MWh of heat output) forfN&l furnaces and boilers
were obtained from EPA for residential systéffiand from NREL for commercial systents.
Our data sourcesEPA?and NREL®i report emission factors for boikeonly. 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 commercigldings use Boiler B2Table A3).

Table A3. Operational metrics for conventional furnaces and boilers.

Type  ID I;rrigrag Eiii]crjrt]agrtl?;( Calg()\;avcity? Efficiency,? Emissions factors, kg MWht
" % CH, CcO, N,O
Furnace F1 Gas ResidentiaP 23 95 3.67E03 191.67 1.04E03
F2 Gas ResidentiaP 23 90 3.88E03 202.32 1.10E03
F3 Electric ResidentiaP 23 80 NA NA NA
F4 Gas CommerciaFf 117 95 4.14E03 202.93 4.14E03
F5 Electric Commerciaf 5 100 NA NA NA
F6 Electric Commerciaf 50 100 NA NA NA
Boiler B1 Electric Commerciaf 165 98 NA NA NA
B2 Gas Commerciaf 234 99 3.97E03 194.73 3.97E03
Type D Emissions factors, kg MWh
CO NOx PM10 SO VOC
Furnace F1 6.39E02 1.50E01 1.21E02 9.58E04 8.78E03
F2 6.74E02 1.58E01 1.28E02 1.01E03 9.27E03
F3 NA NA NA NA NA
F4 1.55E01 1.84E01 1.40E02 1.05603 1.02E02
F5 NA NA NA NA NA
F6 NA NA NA NA NA
Boiler Bl NA NA NA NA NA
B2 1.49E01 1.77E01 1.34E02 1.00E03 9.76E03

aThe performance data was gathered from the U.S5EIA.
PThe emission factors resident i a42repantt’hTheemissiowfactors

for commercial furnaces and boilers were gathered from Deru and Torcellini (52007).
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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, wedithe updated emissions factors from
Deru and Torcellini (200°whi ch are fairly similar to the
Pollution 42 reportTable A4).112The largest difference between these reports is e N
emissions and N©emissions, which increase by 305% and decrease by 99%, respectively. Deru
and Torcellini (2007) focus on comna&l buildings and report the same CO andxN@ission
factor values as the EPA.

Table A4. Operational metrics for conventional furnaces and boilers.

Emissions Factor, kg MW of NG input

Pollutant Difference
U.S. EPA(2000)*? Deru and Torcellini (2007
CHa 3.49E03 3.93E03 13%
CO, 182 193 6%
N20 9.71E04 3.93E03 305%
PM10 1.15E02 1.33E02 15%
SO 9.10E04 9.93E04 9%
VOC 8.35E03 9.66E03 16%
(0{0)
Large Boilers (> 100 1.27E01 16%
MSM BtlLljlgr _Teat(lnplL(J)tg) 1 48E01
mall Boilers (<
1.27E01 16%
MMBtu/hr heat input °
Residential Furnace 6.07E02 6.07E02 0%
NOx
Large Boilers (> 100 2 12E01 -99%
MSM Btllljlgr _Teat(mili)té 1 75E03
mall Boilers (<
7.59E02 -98%
MMBtu/hr heat input °
Residential Furnace 1.43E01 1.43E01 0%
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A.1.4.Air-cooled and watecooled chillers

The operational parameters for conventional chillers was obtained from 78 Eia.
AC capacities were converted from kBtu/h to kW. The operational parameters for absorption
chillers was obtained from the US DGH-or this study we assume that rooftop air conditioners
(AC3) are the conventional choice for cooling. We assumeathatiglestage absorption chiller
(ABC_SS1) supplies the cooling in the HES.

Table A5. Operational parameters of conventional air conditioning systems and absorption
chillers

. Residential /  Capacity,
Type ID Primary Energy Commeraial k\EJVcomy CI::(aIIID
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
WaterCooled Centrifugal Chiller CH1 Electricity Commercial 117.2 7.8
CH2 Electricity Commercial 117.2 7.8
Air-Cooled Reciprocating Chille CH3 Electricity Commercial 351.7 35
CH4 Electricity Commercial 703.4 3.5
Single Stage Absorption Chiller ABC_SS1 Hot Water N/A 17595 0.7
ABC_SS2 Hot Water N/A 440 0.74
ABC_SS3 Low-Pressure Stean N/A 1,320 0.79
Two-Stage Absorption Chiller ~ ABC_TS1 High-Pressure Stear N/A 1,161.29 1.42
ABC_TS2 High-Pressure Stear N/A 4,645.16 1.42
ABC_TS3 Exhaustfired N/A 1,161.29 1.35
ABC TS4 Exhaustfired N/A 3,519.06 1.38

Data was adapted from the EIA and the DO
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A.1.5.Combined heat and power

The

perfor mance

metr

i C

S

f

or

CHP

systems

CHP Technologie®? We only include natural gasombustion systems. All emission factors

were converted from Ib/MWh to kg/MWh of electricity produced. The-teabwer ratio was

calculated as the inverse of the provided petwdreat ratio. We take the maximum CHP

efficiengy of each system since some are provided for the lower heating value and others for the

higher heating value.

Table A6. Operational metrics for combined heat and power systems.

,\jgyeer D Details Ci%city, Me}x_CHP Emissions factors, kg MWH Heat to _
el efficiency co CO, NOx VOC Power Ratio
=2 RE1 - 100.0 0.80 0.18 611 0.06 0.09 1.96
8o RE2 - 633.0 0.79 012 525 007 009 128
52 RE3 - 1,121.0 0.78 0.10 482 0.07 0.07 1.12
§ “ R4 - 3,325.0 0.78 0.08 442 0.07 0.07 0.94
RE5 - 9,341.0 0.77 0.08 432 0.0 0.07 0.84
@ GT1 - 3,304.0 0.66 0.05 763 0.04 0.04 1.75
2 GT2 - 7,038.0 0.70 0.02 725 0.02 0.04 1.43
E GT3 - 9,950.0 0.70 0.02 621 0.02 0.03 1.54
S 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
MT1 - 30.0 0.77 0.04 1814 0.07 0.04 2.17
2 MT2 - 65.0 0.78 001 732 0.03 001 1.96
§ MT3 - 200.0 0.70 0.04 638 0.03 0.04 1.37
2 MT4 - 250.0 0.74 001 694 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
FC1 PEMFC 0.7 0.86 <0.01 513 <0.01 <0.01 1.43
g FC2 SOFC 1.5 0.74 <0.01 333 <0.01 <0.01 0.36
B FC3 MCFC 300.0 0.82 <0.00 426 <0.01 0<.01 0.75
T 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 (201%).
PEMFC: Protorexchange membrane fuel cell; SOFC: Salidde fuel cell; MCFC: Moltercarbonate fuel cell;
PAFC: phosphoric acid fuel cell
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N20 can be formed through two mechanisms. ANsD is emitted by combusting
nitrogenbonded fuels and not for the combustion of NG and bibg&econd, NO can form
during the combustion process (from the interactions between atmospharid &) when
combustion temperatures are low (below®H)and there is an excess of oxygé&n.

Accordingly, we assumed that® emissions from CHP systems are negligible, resulting in a
significantdrop inthe total 0. T hi s @ eamisstoHsHsObasedbnrditerature 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 technofddyor reference, coal and dited power

plants emit between 25 and 85 ppmv eONwhereas conventional utility Nfded boilers emit

less than 6 ppmv XD.1131n the scope of energy generation from-li@d systems, it is possible

that the difference ilN2O emissions between the NGCC and the CHPs is negligible.

1.0E3
B 1.0E2 % Gas turbiilei
= %
2 L.OE1 Reciprocating a % x
'% Engines % g
. ] A X
5 1.0E0 e
—48 ‘o' e Microturbines
% 1.0E-1 : g N
= ]
H 1L0E-2
10E'3 IIIIIllllllllIlllllllllll¢|llll|llll|
0.0 0.5 1.0 1.5 2.0 25 8 12 16

Heat to Power Ratio

Figure A3. Ranges of electrical generation capacities andtogadwer (HPR) ratios of multiple
CHP units.
Adapted fronp2114116
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A.1.6.Natural gas composition

We use the natural gas compositidalfle A7) provided by the Spath and Mann
(2000)*" 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 anount 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
JIg ~ 13.4 kWh/kg§° We then multiply the mass of the leaked naturallgathe mass fraction
of each compound.

Table A7. Natural gas composition.

Compound Mole, % Mass, %
Methane (CH) 94.90 90.15
Ethane (GHe) 2.50 4.45
Propane (€Hs) 0.20 0.52
Iso-butane (GH10) 0.03 0.10
Butane (GH1o) 0.03 0.10
Iso-pentane (6H12) 0.01 0.04
Pentane (6H12) 0.01 0.04
Hexane (C6Hl) 0.01 0.05
Nitrogen (N) 1.60 2.66
Carbon Dioxide (C@) 0.70 1.83
Oxygen (Q) 0.02 0.04
Hydrogen (H) Trace Trace

Adapted from Spath and Mann (20663.

We takethe reference estimates for methane leakage from Table 1 in Grubert and Brandt
(2019)%* 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 withdvawalide

these by 0.9 to report them as gross natural gas withdrakeddke (AS8).
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Table A8. Leakage assumptions studied by Grubedt Brandt (2019).

Reference Transmission End Data
Compound Production Processing & Storage Distribution Use Source
Gross
Methane Alvarez et
Withdrawals 2.00% 2.10% 2.40% 250% n/a al (2018)
Gross
Natural
Gas Alvarez et
Withdrawals 2.22% 2.33% 2.67% 2.78% n/a al (2018)

The reference estimates gathered by Grube
a cumulative mass percentage of gross withdrawals of leakage reaching a given stage, asst
natural gas progresses throughesdchage i n sequence. 0

A.2 Method and Assumptions

A.2.1.System Configuration

Key '
> Electricity w @
Heat HVAC

=== Cooling

HVAC Heated
Ventilation and
Air Conditioning

‘ Waste Heat

Natural Gas Combined
Cycle Power Plant

Building
Demands

Figure A4. System configuration of the conventional energy supply system (CES)
In the CES electricity is supplied by a natural gas combined cycle pplaet, heating is
supplied by a natural gdsed boiler, and cooling is supplied by a conventional rooftop air

chiller.
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ombine eat an
HVAC Heated P !zueIOCSe:Is1 .
Ventilation and ower ( = : )
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1 (9.9-15.15)
HVAC ’ Waste Heat

Absorption Building Natural Gas Combined
Demands

Chiller Cycle Power Plant

Figure A5. System configuration of the hybrid energy supply system (HES)

TheHES supplements the CEStlwia 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 geneta 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 thalficdtthe 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 anddemand Equations
We use the hourly building energy demands provided by the U.S. DOE reference building

databas® and aggregate them into either electriciy, (ieating Q), or cooling C) as shown in
equationsA.1) through A.3).

(0] O ©° Al
0 0 0° A2
5 0 8 A3

Subscriptd andb 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 equatiohsl andA.2 we also include the electricity or heat
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required to run an electric chiller or air conditioning uAC), or an absorption chilleABC).
Because the reference buildiegergy demand files supply the electricity for cooliBGehc), we
multiply these values by 3i8which is the standard COP of the chillers (€}R) used in the
reference buildings to obtain the cooling demand. We use the asterjgk denote energy
supply or demand prior to any distribution losses.

The hourly energy supphB( from the grid ), CHP, furnace or boilef)( and chiller

systems is expressed in equatiéng throughA.6.

O ©O @] A4
0 0 0 A5
0 O 0 A6

Although the heat produced by the gr@tj is not dispatchable, we added this term to
equationA.5 to quantify the total amount of waste h&aim our system. In this model, waste
heat can be generated by the grid and the CHP, especially in cases where the CHP is operating
out si d ®llow-thermaload 6 s c h e me .

EquationsA.7 andA.8 relate the cooling output of our AC and ABC to the required
electric or heat input. In both equations, we assume that the COPASL thied ABC systems

are constant and do not change based on theilgaatratio (PLR).

A7

7 A8

EquationsA.9 throughA.14 relate the heat output®), electricity generatiorH), and
fuel inputs F) for each obur systems. Because we deftfeas the amount of electricity
delivered to the sitaye use equatioA.9 to quantify the amount of energy generated at the

NGCC prior to transmission, whe@ is the amount of electricity generated by the NGCC and
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GLF is the gridloss factor. We use a 4.9% GLF, which is the subregianalage reported in

the U. S. IDPPWeassume B@id efficiencyd) of 53.3% based on the heate of an

average natur al gas combined cycl € plant in N
Similarly, wedefined andd  as theheat or cooling delivered to the site bt

CHP or ABC prior to any energy losses in the distribution netwkekordingly,0° andd”

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, whicthe average Swedish DHC loss

(equationsA.11andA.12).%2 In equationsA.10 throughA.14 we also assume that the hémat

power ratio HPR) of the CHP, along with the efficiencied ¢f all the systems remains

constant. The CHPO6s HPR aMml@andA.lbarecspeeifictoyts val ues

prime moveii the primary mechanical source of heat and pawserd were obtained from the

EPA Catalog of CHP technologig&Similar to our CHP, we assume thag tidopted 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 boildy),(which ranges from 80900%, is specific

to the technology used.

, 0
0] 550 A9
- 0] p
lj b o) G_ P Al10
0 v° p 0@ All
6 6° p 06 Al2
ou'Y o Al3
° Al4
- no p 1\09 no -
eO DZ
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Finally, in deriving our system model, we also place the constraints shown in

equationsA.17 throughA.19:

o © Al7
0 0 O hmid O A1l8
6 0 Al19

In ourmodel, 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 systenmotstose 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 siem(s) for peak demands, we design our system(s) to meet a

fraction of the energy demands as shown in equafic@3throughA.22:

0 Oh o0M@i Q| pOEQ O O A20
6 T6h 0Mi QF pdEQ 6 6 A21
O rtO0Oh OomM Qr potQ O O A22

A.2.3.Wasted Energy

Wasted energyd ¢ Qd Xran be calculated as the sum of all system losses:

0¢ Qi "QuO 0° 0 o) A23
We can then rewrite ouelectricity, heat, and cooling loses using equatiérgA.12 as

follows.
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We can then substitute equatioh.12andA.13
0¢ Qb "Q 2000 —o0 P O z'0ly z20'@ 5 20
p 00 0 p ooe P p O®
We can then rewrite these equations using by definiti&vZ0 and A.22.
0t Qb0 =205 0 > _ P | 0z0ly 200 () . 00
p "0O0 O p "00 e p 06
Next, we combine like terms:
0¢ Qb Q| © @ © P P 0 z'00Y z0'@ I 6z ca
€ Qo Q| 5 00 "0p 00’6 P U 0 5 O
Then
ob 0 £ p oG
D L Voo z " Te 7 ” ¥, 13 z
Ot QbQ p | —p 05 0 | ouY (ONG} O f o] 7‘) 06
N o) I o)
0¢ Qb Q >ro- ° z "'oY 20’0 >o- ° o 000
£ p 060 | v p 00O p O®

We can then substitute our rewritten heat supply and demand functions into our waste h

definition.

Then

o002 p ) o002 p
A24
p 1 o} f 600

6 p 00

EquationA.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 sys
minus the amount that can be used on site.Bénefit to equation is that we can

essentially design based on two variables, andf
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A.2.4.EmissionsModeling

We calculate the emissions of compour{é) as follows:
Q Qprh v Gh Oy Ahany @ A25

Where' Qrepresents the emissiong)is a compoundgis the specific technology, ards the
stage of the lifecycle. Accordingby, &, andwrepresent vectors for all compounds of interest,
technologies included in our design, and stages of the lifecycle, as follows:

6’0 O Q0 o4 G0 mmD
U Ro 99 o snl vowfE da

e €
o o 0t 0 QAE o

o

In this study, we only consider the operationalisgions of our systenk.or the operational
emissions, we focus on the technologies using naturatgas, NGCC (Grid), furnace or boiler, and
CHP. We do not include emissions of refrigerants or other gases from the chiller systems. The
operational emis®ns from each of our natural gas technologies include fugitive emissions (from
leaks) and emissions from energy generation.

We define leakage per Grubert and Bandt (264.8) which the fraction of natural gas
leakage ¢ ) is thecumulative mass of fugitive emissioris () divided by the gross natural gas
withdrawals @@ ):

0

a i

a
Because the amount leaked and the gross mass of withdrawals is unknown to us, we re
the above equation as a function of tiaenount of fuel delivered to the technologyWe define the
amount delivered as the fuel consumed by technolqg@iefined in equation#\.12 throughA.14¢
divided by the specific energy of natural gas () ¢ 13.4 kWh/kg?° We use the natural gas
composition used by Spath and Mann (208Qp quantify the amount of a compmd wthat is

leaked. We write the equation for our total leakage as a function of the fuel consumed by a

technology E):
. a0
0 _ A26
- p a
The operational emissions for our system can be written as:
. . Qr0 . o on . .
Qp U WO U p Qn L U Qr, O

97



Where,Qj, is thex emissions factor of technologyin kg per kWh of electricity or heat

generated. By substituting our definitions for; , we can rewrite this ecation as:

of 0 o] . @&p "O0Ys-op
0 —2 o — D g5 XP 0% 9, ©
"6 ool P O0L0 -5ogP @ 6o o %
Next, we substitute equation&.20 through A22:
i~ p | I . . -
Qp > 00 0 )] | V] (] p I (V)
Where
‘\ - ‘\ o ‘\ "OSY" v, 5
60 — 2 o he — B o hoe o “P 6700 o
0ol @& “0oaP G 0oy o

We have two cases:

1) The CHP produces heat greater than or equal to the demand:

0 0 O p, and
2) The CHP produces less heat thia@ demand:
0 o o p

Then, we can rewrite our equation for tffe;; as:

P | . p I o . - .
1P
o p 00O v v © 6 M h v v

. p | | . . o . . p T o]

Q R T Y —

n rr p "O0 O v v ov v © o w A27

y . 6 . . .
Ly O U T., = h V] v
w ow

In cases where the CHP produces excess heat, we can assign CHP emissions credits s
that excess be reallocated to satisfy another hegtiad. The CHP emissions credits are equal to 1
displaced emissions that would otherwise be emitted by a conventionaldeatrator (i.e., a furnace
or boiler)>?

We calculate the CHP emissions credit as shown in equati@and subtract the credits

from the operational emissions in equati®?7.

Qj U z Qo

R QG i A28
DM @ 2 v
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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.
Annual Energy Demand Intensity, MWh per m? of floor area
—
0 0.5 1.0 1.5 2.0 2.5
(a) Cooling Supplied by AC (b)  Cooling Supplied by ABC
Primary School Educati
Secondary School ucation
Hospital Healthcare
Outpatient Healthcare .
Large Hotel
Small Hotel Horel
Warehouse Industrial
Midrise Apt Multifamily

Large Office

Medium Office

Small Office

Full Service Restaurant -
Quick Service Restaurant -
Stand Alone Retail

Strip Mall

Supermarket

Office

Restaurant

Retail

Climate Zone

Figure A6 Annual energy demand intensities (MWRrfor 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) shoesannual energy demands when all the cooling
issuppliedbyahegtower ed cooling system (i.e., an ABC)
healthcare building simulation results because its energy demands appear to deviate significantly
from the other rgions.

Figure A6 shows the annual energy demand intensities (AEDI) (MWh Berf filoor
area) for each building in each climate zone. We defined the AEDI as thd suerannual
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 buil di ng 0lsadshMotct thatthe AERIFoetleet r i ci t y,
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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 w¥ trsamiyve omitted our
results for this builohg.

Figure A7 shows violin plots of the annual energy demand intensities (AEDI) (MWh per
m? of floor area) for each commercial building type. The shaded area shewistribution of
the annual energy demand intensity and the color indicates whether an electric air chiller (AC) or
a heatpowered absorption chiller (ABC) supplies the cooling of the building. The dashed grey
line within the shaded area representstiean, and the dotted grey lines indicate the 25% and
75% quartiles.

. shows the hedb-power demand ratio for each building type with an AC and with an
ABC systemBecause the ABC is powered by heat, it results in an increase in tite-peater
demand ratio in every case. The difference between thedipatver demand ratio is more

apparent in warmer climate zones and in buildings that typically have highergcdefimands.
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Figure A7. 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 A8. 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 A9. The heato-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. e increase
much larger in warmer climates thanciooler ones.
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Figure A10. 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 correspds 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 e 9&féntify t
confidence irgrval 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.
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Figure A11. Annual CH emissions intensity (kg/fof 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
bestfit line of the baseline emissions for the CES £0.92). The color gradient represents the
CHP efficiency (cnr) of the prime mover, and the marker type indicates the type of prime
mover used. The blue markers indicate that an ABC was adopted vatboupled CHP.
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Figure A12 Relative change in annual ¢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 AB8Stem. The color gradient represents the
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CHP efficiency {cnr) 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.

% m Prime Mover:
Norp 70 LT 70 78 8» 86 + FC M RE % GTe MT « None
1.6 7 =

i _ (a) _é(b)
121 E
1.0 :
0.8 E
0.6 3
0.4 1
0.2

0.0 JEE =
0 05 10 15 20 250 05 10 15 20 25

Annual Energy Demand Intensity (MWh m2)

Net CO, Emissions Intensity, t m

Figure A13. Annual CQ emissions intensity (tonnes?rf 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
bestfit line of the baseline emissions for the CES£R.97). The color gradient represents the
CHP efficiency {cnr) of the prime mover, and the marker type indicates the type of prime
mover used. The blue markers indicate that an ABC was adopted withoutledcOt{#.
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Figure Al4. Relative change in annual @@missions
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 systemcdloe gradient represents the
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CHP efficiency {cnr) 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 A15. AnnualN2O emissions intensity (g/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
bestfit line of the baselie emissions for the CESAR 0.78). The color gradient represents the
CHP efficiency {cnr) 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.

FigureA.16. Relative change in annuab® 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 reptiesent

107














































































































































































































































































































































































































































































































































































































































































































































































































































































