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This work aims to elucidate notions concerning the ideal operation and greenhouse gas (GHG) emissions
benefits of combined heat and power (CHP) systems by investigating how various metrics change as a
function of the GHG emissions from the underlying electricity source, building use type and climate.
Additionally, a new term entitled ‘‘CHP Attributable” reductions is introduced to quantify the benefits
from the simultaneous use of thermal and electric energy, removing benefits achieved solely from fuel
switching and generating electricity more efficiently.
The GHG emission benefits from implementing internal combustion engine, microturbines, and phos-

phoric acid (PA) fuel cell based CHP systems were evaluated through an optimization approach consid-
ering energy demands of prototypical hospital, office, and residential buildings in varied climates. To
explore the effect of electric GHG emissions rates, the ideal operation of the CHP systems was evaluated
under three scenarios: ‘‘High” GHG emissions rates, ‘‘Low” GHG emissions rates, and ‘‘Current” GHG
emissions rate for a specific location.
The analysis finds that PA fuel cells achieve the highest GHG emission reductions in most cases consid-

ered, though there are exceptions. Common heuristics, such as electric load following and thermal load
following, are the optimal operating strategy under specific conditions. The optimal CHP capacity and
operating hours both vary as a function of building type, climate and GHG emissions rates from grid elec-
tricity. GHG emissions reductions can be as high as 49% considering a PA fuel cell for a prototypical hos-
pital in Boulder, Colorado however, the ‘‘CHP attributable reductions are less than 10%.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Combined heat and power (CHP) systems are a type of dis-
tributed generation technology where electricity and thermal
energy are produced and consumed. CHP systems are based on
electricity generation systems, such as internal combustion engi-
nes, gas turbines and fuel cells. In a CHP arrangement, these sys-
tems are equipped with heat recovery systems to allow the
waste heat to supply a nearby thermal demand.
Distributed generation systems, including those with CHP sys-
tems, have been deemed advantageous for a variety of reasons.
Major benefits potentially include the deferment of large invest-
ments in the electric transmission and distribution infrastructure,
increase in grid reliability and power quality if ideally located,
and more efficient use of resources with the use of CHP configura-
tions [1–4]. As more efficient use of resources results in green-
house gas (GHG) emissions reductions, CHP systems have been
promoted by many policymakers in the United States and Europe
[5–8].

However, the geographic scales of use for CHP systems have
become increasingly smaller. Original uses were in industrial or
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Nomenclature

gel CHP nominal electrical efficiency
g CHP efficiency
X CHP electrical capacity
f t CHP system fuel consumption in time step t
dl efficiency degradation at load l
df efficiency degradation at load f
pht ;p

l
t piecewise linear power output of the CHP system in

time step t
qt CHP system thermal output in time step t
be break-even GHG emissions rate for grid electricity
eb GHG emissions coefficient for thermal energy produced

from an on-site boiler (g CO2e/kW h)
eng GHG emissions coefficient for natural gas (g CO2e/kW h)
gel CHP electrical efficiency
eg GHG emissions coefficient of electricity from the grid (g

CO2e/kW h)

eb GHG emissions coefficient for thermal energy produced
from an on-site boiler (g CO2e/kW h)

Et electricity demand of the building in time step t
Ht thermal demand of the building in time step t
et electrical energy produced by the CHP system and used

by the building in hour t
ht thermal energy produced by the CHP system and used

by the building in hour t
wt binary variable defining piecewise linear CHP power

output
lt operating status of the CHP system in hour t
D search range in kW for controlled random search algo-

rithm
/ probability of accepting a solution with poor objective

function for controlled random search

B. Howard, V. Modi / Applied Energy 185 (2017) 280–293 281
district energy systems that utilized waste heat to serve large ther-
mal demand centers. More recently CHP systems have been imple-
mented at the building level to meet local electricity, space heating
and water heating demands [9,10]. However with diminished size
comes additional challenges.

At the building scale, the electric and thermal demands are
more variable over the year, as one can not leverage the smoothing
that occurs with the aggregation of building demands. Moreover,
performance parameters diminish with size, potentially impacting
the GHG emissions benefits for buildings with lower energy
demands [11]. In consequence determining the proper prime
mover, capacity, and operational strategy, i.e. the output of the
CHP system in each time step, becomes increasing important and
complex.

This has led to a large body of research analyzing the how to
best operate CHP system under various sets of conditions
[12–16,5,17–28]. ‘‘Best” has been defined in many ways including
minimal cost, energy consumption, GHG emissions and exergy effi-
ciency. The disparate conditions include climatic conditions,
energy cost structures, CHP system characterizations, and GHG
emissions from the baseline system. In this work we focus on
CHP systems operated to minimize GHG emissions, thus we review
a select set of papers that have evaluated the impacts on this crite-
ria. Table 1 describes the scenarios explored in several studies on
CHP systems, specifically highlighting the building use cases, cli-
mate zone, CHP system type (prime mover), GHG emissions from
baseline scenarios, operating strategy, sizing strategy and resulting
conclusions.

A range of building use cases, or building types, have been con-
sidered from industrial, commercial, and residential. However
studies considering the largest diversity of building types typically
considered the effects in a single climate under fixed GHG emis-
sions rates from grid electricity and thermal demands [17,25]. Con-
versely Mago et al. [15] evaluated the performance of CHP systems
in various climates but only considered a single use case. Addition-
ally both research teams used a simplified operating and sizing
strategies that do not result in the largest GHG emissions reduc-
tions. Operating strategies vary from heuristics such as continuous
output, electrical load following, thermal load following, and max-
imum output. For the heuristics, the operating strategy is deter-
mined without consideration of the demand. Optimal strategies
attempt to determine the best way to operate a system taking into
account the building demands and constraints on the CHP systems
themselves. Each of these strategies from heuristics to optimal lin-
ear, mixed-integer linear and nonlinear programs has been used to
estimate GHG emissions savings from CHP systems. Moreover,
researchers have compared the optimal approaches to the heuris-
tics, resulting in mixed findings. Ghadimi et al. [24] found that
the optimal approach was well approximated by the electric load
following heuristic. Yet Hueffed and Mago [17] have found that
neither the electric load following or a thermal load following
approach could match the reductions in the optimal case. Lastly
very few researchers in the studies reviewed search for the optimal
size of the CHP system. More commonly the system capacity is
determined a priori.

In the studies reviewed, the GHG emissions reductions from
implementing CHP systems ranged from 0–52%. With the many
and varied evaluations, it is difficult to discern how different fac-
tors such as building type, climate, prime mover, and grid GHG
emissions rates affect the GHG emissions benefits of CHP systems.

Another aspect not addressed in other studies is quantifying the
added benefit of the combined heat and power operation. For
example Hueffed and Mago [29] consider arguably high values of
GHG emissions from grid electricity and find reductions up to
52%. Given this high GHG emissions rate from grid electricity, it
is unclear how much benefit comes from operating in combined
heat and power mode versus switching to a low carbon fuel and
generating electricity at a higher efficiency.

The aim of this analysis is to clarify and unify statements made
in previous works about CHP systems by determining how the
optimal operating strategy, operating hours, system capacity, and
ideal CHP system type change as a function of the GHG emissions
from the underlying electricity source considering a broad range of
building types and climates. We seek to provide analysis that can
be generalized to allow for an easier understanding of how CHP
systems should be sized and operated to reduce GHG emissions.
In addition, this work defines a new term, CHP attributable reduc-
tions, that quantifies the amount of savings that are specifically
due to the simultaneous use of thermal and electrical energy pro-
duced by a CHP system.

The analysis is performed by finding, through an optimal sizing
and dispatch program, the CHP system that maximizes GHG emis-
sions reductions for prototypical hospitals, office and residential
buildings, of different sizes, in 16 climates, under ‘‘high” and ‘‘low”
GHG emissions scenarios. The results of the optimization are
explored to draw general conclusions about the reduction poten-
tial, ideal prime mover, CHP system capacities and operational
strategies under the various scenarios. ‘‘CHP attributable” GHG
emissions reductions are defined by considering the difference
between two optimizations: one where the objective function



Table 1
Description of selected studies on the operation of CHP systems.

Study Use case Climate
zonea

CHP system GHG
emissions rate

Operating strategy Sizing strategy Conclusions

Ren and Gao
[21]

Residential Mixed-
humid

ICE, fuel cells E: 370 g CO2/
kW h; T: 229 g
CO2/kW h

Emission optimal mixed-
integer linear program

Fixed 1 kW systems 1–9 CO2 emission reductions

Ghadimi et al.
[24]

Industrial
plant

Not
specified

ICE E: 978 g CO2e/
kW h; T: 247–
617 g CO2e/
kW h

Continuous, electric load
following, thermal load
following, GHG optimal non-
linear optimization

Search space at
100 kW increments

28% GHG emissions reductions,
Optimal approach and electric
load following yield equal GHG
savings

Mago et al.
[15]

Hospital All
climate
zones

Generic prime
mover

E: 328–854 g
CO2/kW h; T:
not specified

Continuous Various sizes related
to electricity and
thermal demands of
the building

0–17.2% CO2 emission
reductions

Mago and
Smith [17]

Various Cold Generic prime
mover

E: 533 g CO2e/
kW h; T: 200 g
CO2e/kW h

Continuous Capacity equal to 30%
average hourly
demand

16–21% GHG emissions
reductions

Howard et al.
[25]

Various Mixed-
humid

ICE,
microturbines

E: 561 g CO2e/
kW h; T: 239 g
CO2e/kW h

Electric load following 30–3000 kW, search
space at 1 kW
increments

Average GHG emissions
reductions 16%

Hawkes and
Leach [13]

Residential Marine ICE, fuel cell,
stirling
engine

E: 430 g CO2/
kW h; T: 189 g
CO2/kW h

Electric load following,
thermal load following, cost-
optimal quadratic
programming

Fixed 2 kW systems 21% reduction with optimal
dispatch, heat-led strategy can
be better for GHG emissions
than cost optimal

Hueffed and
Mago [29]

Small
office

Cold-
very
cold

ICE (CCHP) E: 789–1230 g
CO2/kW h; T:
188 g CO2/
kW h

Constant dispatch, electrical
load following, thermal load
following, GHG optimal linear
program

Fixed sizes of 6, 8.5
and 12 kW

9–52% CO2 emission reductions,
GHG optimal provides larger
reductions than all other
heuristics

Wang et al.
[30]

Hotel Hot-
humid

Microturbine
(CCHP)

E: 877–968 g
CO2/kW h; T:
185–255 g
CO2/kW h

Electric load following,
thermal load following

Fixed size 9–25% CO2 emission reductions

ICE: Internal Combustion Engine, CCHP: Combined Cooling Heating and Power, E: GHG (or CO2) emissions rate from the electricity source, T: GHG (or CO2) emissions rate
from the thermal energy source.

a Climate zones estimated to equivalent US Department of Energy Building America climates zones [31].
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includes considerations for both thermal and electric demands and
one where only savings from electricity production are considered.

The remainder of this paper is organized as follows: Section 2
describes the governing systems including the building energy
demands as a function of building type and climate, greenhouse
gas emissions rates from electric and thermal energy production,
and CHP technologies and performance parameters. Section 3
describes the break-even point for GHG emissions reductions from
CHP systems. Section 4 describes the mixed integer linear program
and controlled random search algorithm utilized to determine the
optimal capacity and operational strategy. Section 5 describes and
discusses the results of the analysis and Section 6 provides the final
remarks and conclusions.

2. Defining the governing systems

For the analysis, a single building is considered with thermal
and electric energy demands that can be satisfied by a local CHP
system, on-site boiler, or electricity provided through the regional
power grid. The following sections define the building energy
demands, the GHG emissions produced from thermal and electric-
ity energy sources, and the CHP system performance
characteristics.

2.1. Building electric and thermal energy demands

The building energy demands used in this analysis were those
simulated for the DOE commercial building benchmark buildings
[32]. The goals of the simulations, performed in EnergyPlus, are
to provide an estimate of the energy demands of different building
types in various climates behave on average. More specifically the
electricity, space heating, and water heating demands for the hos-
pital, large office (office) and mid-rise residential (residential)
building types for 16 cities representing various climate regions
were simulated. The climate regions across the United States are
defined by the building performance association into 8 different
regions: Hot-Dry, Hot-Humid, Mixed-Humid, Mixed-Dry, Marine,
Cold, Very Cold, and Subarctic. Full descriptions of the climate
regions can be found in [31]. Using these simulations allows for
exploration of the effects of both building usage and climate.

One of the aims of this analysis is to determine GHG emissions
reductions as a function of building size. Building size in this anal-
ysis, is proxy for the magnitude of the building energy demands.
Therefore to maintain a common point of reference, the total
annual building energy demands were scaled to two different val-
ues: 107 kW h per year and 106 kW h per year representing ‘‘Large”
and ‘‘Small” buildings respectively. In each scenarios, the annual
energy demand of each building across all building types is the
same however the relative magnitude of the thermal (space and
water) and electricity demands are different. This allows for a
direct comparison alleviating the influence of the relative energy
demands as a function of size for each building. The simulated
annual non-cooking energy consumption by electric, space heat-
ing, and water heating demands for each location are shown in
Table 2.

It should be noted that by adjusting the annual energy
demands, the physical size of the buildings are changing as well
if one considers the building’s energy intensity to be constant.
The large buildings could be between 450,000 and 1,200,000 sq.
ft. for residential buildings, 500,000–850,00 sq. ft. for office build-
ings, and 185,000–250,000 sq. ft.

2.2. GHG emissions from electricity and thermal production

In the United States, electricity is typically provided through the
electric grid from a slew of power plants each having their own



Table 2
Percent annual electricity, space heating, and water heating demand by city and climate zone for hospital, office and residential buildings.

Climate zone City % Annual non cooling energy demand

Office Multi-family residential Hospital

E SPH WH E SPH WH E SPH WH

Subarctic Fairbanks, AL 46.2 53.1 0.7 17.6 74.9 7.5 58.2 40.1 1.7
Very cold Duluth, MN 61.3 37.9 0.8 23.1 67.6 9.3 68.7 29.7 1.6

Cold Minneapolis, MN 68.4 30.9 0.7 27.8 62.6 9.6 71.3 27.3 1.4
Cold Mt. Helena, MT 72.9 26.3 0.8 29.5 59.6 10.9 73.7 24.7 1.6
Cold Chicago, IL 75.5 23.8 0.7 31.8 58.0 10.2 73.7 25.0 1.3
Cold Boulder, CO 82.0 17.2 0.8 36.1 52.0 12.0 77.7 20.8 1.5

Marine Seattle, WA 74.7 24.5 0.7 34.1 54.2 11.7 71.6 27.1 1.3
Marine San Francisco, CA 87.4 11.8 0.8 44.9 40.3 14.8 74.0 24.7 1.3

Mixed-dry Albuquerque, NM 84.8 14.5 0.7 45.0 42.8 12.2 78.0 20.7 1.3
Mixed-humid Baltimore, MD 79.4 20.0 0.6 37.9 51.7 10.5 74.3 24.6 1.1
Mixed-humid Atlanta, GA 87.2 12.2 0.5 49.8 38.7 11.5 76.5 22.5 1.0

Hot-dry Phoenix, AZ 84.5 5.1 0.4 74.4 15.9 9.7 78.5 20.7 0.8
Hot-dry Las Vegas, NV 91.7 7.8 0.5 62.7 26.6 10.7 77.9 21.1 1.0
Hot-dry Los Angeles, CA 94.4 5.0 0.6 64.1 18.7 17.1 77.2 21.7 1.1

Hot-humid Houston, TX 93.1 6.5 0.5 66.6 22.4 11.0 78.8 20.3 0.9
Hot-humid Miami, FL 98.5 1.1 0.4 88.3 1.7 10.1 81.3 17.9 0.8

E: Electricity demand, SPH: Space Heating demand, WH: Water Heating demand.

Table 3
16 simulated building locations and the corresponding NERC subregion GHG
emissions rates.

City NERC subregion GHG emissions rate (g CO2e/kW h)

Fairbanks, AL 582
Duluth, MN 725

Minneapolis, MN 725
Mt. Helena, MT 725

Chicago, IL 693
Boulder, CO 831
Seattle, WA 169

San Francisco, CA 300
Albuquerque, NM 542
Baltimore, MD 432
Atlanta, GA 432
Phoneix, AZ 542
Las Vegas, NV 542
Los Angeles, CA 300
Houston, TX 537
Miami, FL 535
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GHG emissions characteristics. The simplest approximation, and
the one utilized in this work, is to define the GHG emissions pro-
duced by a set of power plants by an average GHG emission rate,
or the grams of GHG emissions (in carbon dioxide equivalent) pro-
duced per kW h of electricity produced annually.

Average GHG emission rates have been estimated for different
regions across the United States by the EPA in their emissions
and generation integrated database (eGRID). They make estimates
for varying geographic scales from the state to the whole of the US.
The eGRID estimates do not account for transmission across the
geographic boundaries, only the emissions from power plants
physically located in that region. This can lead to skewed estimates
if a particular state relies on the generation of a neighboring region.
To mitigate that effect, the GHG emissions rates for the buildings in
each of the 16 cities were defined by their corresponding eGRID
primary subregions. The cities and their corresponding electric
GHG emissions rate is shown in Table 3.

However in this work we also seek to determine how the GHG
emissions from electricity production effect how one would size
and operate a CHP system. Therefore we also define two generic
GHG emissions scenarios for which we will evaluate the results
of each system. The first scenario is termed the ‘‘High” GHG emis-
sions scenario. In this scenario the GHG emissions rate from grid
electricity is set to 750 g CO2e/kW h. To provide a specific example,
this rate represents an electricity system where 60% is provided by
a typical coal power plant and 40% is provided by a natural gas
power plant, considering average US power plant efficiency by fuel
source. The second scenario is termed the ‘‘Low” GHG emissions
scenario, where the GHG emissions rate from grid electricity is
defined as 300 g CO2e/kW h. This scenario represents an electricity
system where 70% is provided by natural gas power plants and 30%
from renewable sources. Considering the values in Table 3, these
two scenarios do indeed represent ‘‘High” and ‘‘Low” GHG emis-
sion rates.

For thermal energy production, many commercial and residen-
tial buildings in the United States use natural gas boilers or fur-
naces [33]. Boilers are very efficient at converting natural gas
into thermal energy with factory efficiencies up to 90%. With wear
and tear however the efficiencies diminish over time. In this work,
the boiler thermal efficiency was assumed to be 80% leading to a
GHG emission rate of 225 g CO2e/kW h. This assumption holds true
for all scenarios considered in this work.
2.3. CHP technology characterization

This section provides a brief overview of CHP systems, the
parameters use to characterize them, and how the performance
was mathematically defined for the subsequent optimization.

The CHP systems evaluated are those applicable at the building
scale. The main considerations were system size and load following
capability. In a load following operating scheme, the CHP system is
expected to modulate its output to meet demands. These con-
straints led to the consideration of three different types of CHP sys-
tems: microturbines, internal combustion engines, and phosphoric
acid (PA) fuel cells all fueled by natural gas.

The main characteristics to describe the operation of a CHP sys-
tem are the nominal electrical efficiency (gel), CHP efficiency (g),
electrical capacity (X), and part load efficiency. The nominal
electrical efficiency is the ratio of electricity produced to the
energy content of the fuel source at maximum capacity. The CHP
efficiency is the ratio of the aggregate useful thermal and electrical
energy to the energy content of the fuel source. The electrical
capacity is the maximum electrical power output of the CHP sys-
tem. Lastly the part-load efficiency, defined by more than one
parameter, describes the degradation of the efficiency when not
operating at the full electrical capacity.



Fig. 1. Electrical efficiency as a function of electrical capacity from various manufacturing specifications for thermal systems. Maximum efficiency as defined by a piecewise
linear function is shown in red.
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The thermal systems and the electrochemical systems differ in
the relationship between these parameters.
Fig. 2. Typical part-load electrical efficiency degradation for fuel cells, internal
combustion engines, and microturbines [11].
2.3.1. Nominal electrical efficiency and system capacity
For internal combustion systems, the nominal electrical effi-

ciency is a function of the electrical capacity (or the system size).
More specifically the electrical efficiency decreases as the capacity
decreases due to increased mechanical losses. To capture this
dependence, the nominal electrical efficiencies for internal com-
bustion engines of various sizes were collected from manufactur-
ing specifications [34,34–36]. As illustrated in Fig. 1, the nominal
electrical efficiency increases rapidly until approximately
400 kW, slowly increases between 400 kW and 2000 kW, and then
plateaus to around a constant 45% electrical efficiency.

This dependency was modeled as a piecewise linear curve con-
sidering only the highest efficiencies at a given capacity which is
also visualized in Fig. 1. The mathematical relationship is described
as follows

gelðXÞ ¼
3:2 � 10�4X þ :287; X 6 401
2:6 � 10�5X þ :402; 401 < X 6 1990
0:453; X > 1990

8><
>: ð1Þ

where X, the electric capacity, is in kW and gel is the nominal elec-
trical efficiency. Characterizing the relationship between the nomi-
nal electrical efficiency and system capacity as a continuous
function is done to allow for ease of computation.

The same procedure was followed for microturbine systems
[37,38] resulting in the following piecewise linear curve

gelðXÞ ¼
7:4 � 10�4X þ :238; 30 < X 6 125
0:33; X > 125

(
ð2Þ

Fuel cell systems operate under different principles than ther-
mal systems. The capacity of a fuel cell systems is created by stack-
ing individual cells of low voltage in series. This decouples the
electrical efficiency from the size. This can be seen in commercial
products with PureCell [39] offering a 5 kW and 400 kW PA fuel
cells with nominal electrical efficiencies of 40% and 42%, respec-
tively. This differs for thermal system where the electrical effi-
ciency could change from 30% to over 40% over the same range
(see Fig. 1). Therefore fuel cell systems were modeled with con-
stant nominal electrical efficiency of 40% over all sizes.
2.3.2. Part-load electrical efficiency
In addition to the electrical efficiency changing as a function of

size, for all systems considered the electrical efficiency reduces
when not operating at the maximum capacity. Fig. 2 depicts typical
efficiency reduction as a function of part load for fuel cells, internal
combustion engines and microturbines reproduced from [11].
Each of the systems has slightly different part-load behavior.
Fuel cells can maintain their nominal electrical efficiency until
approximately 60% of the rated capacity after which the efficiency
degrades rapidly. For microturbines and internal combustion engi-
nes the efficiencies slowly degrade with internal combustion engi-
nes having more severe degradation.

The fuel consumption as a function of load is called the heat
rate. The part-load efficiencies were converted to heat rates and
those heat rates were modeled as piece-wise linear curves defined
by two segments that describe the operation in ‘‘low” and ‘‘high”
output regimes. Given this definition the fuel consumption of the
system is defined as follows

f t ¼ Ahph
t þ Alpl

t þ Blt ð3Þ
where

Ah ¼
1� 1

df

gelð1� f Þ ð4Þ

Al ¼
1
df
� 1

dl

gelðf � lÞ ð5Þ

B ¼ X
gel

1
dl

� l
f � l

1
df

� 1
dl

� �� �
ð6Þ

In the equations above dl and df are the efficiency degradation at
part-loads l, and f, respectively. Due to the piecewise linear formu-
lation, the power output of the CHP system has been defined by two
variables ph

t and pl
t that when summed equal the total output elec-

trical energy output of the CHP system in timestep t.
By letting the CHP efficiency g be constant over all loads, we can

also define the thermal output of the CHP system as follows

qt ¼ g Ahph
t þ Alpl

t þ Blt

� �
� ph

t � pl
t ð7Þ



Table 4
CHP system performance parameters, [39,37,38,36].

Parameter Microturbines Internal combustion engines PAFC

l 0.3 0.3 0.3
f 0.8 0.8 0.6
dl 0.75 0.55 0.75
df 0.97 0.95 1.0
g 0.90 0.85 0.9

Table 5
Break-even electric GHG emissions rates for thermal and fuel cell CHP systems.

System type Break-even emissions (g CO2e/kW h)

Microturbines 115–160
Internal combustion engines 161–202

PA fuel cells 153–171
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For each system type considered the part-load performance
parameters are shown in Table 4.
3. Break-even GHG emissions rates

An avoided burden approach was used to estimate the GHG
emissions reductions from implementing CHP systems. This
approach estimates the GHG emissions that would have been pro-
duced from the current method of electricity and thermal energy
generation and subtracts the estimated GHG emissions produced
from the CHP operation. The difference is considered the GHG
emissions savings.

With the fuel source and efficiency of the CHP system and the
GHG emissions rate for thermal energy production defined, one
can determine the GHG emission rate from electricity production
for which a CHP system will have zero impact on GHG emissions.
This value, or the break-even point, is calculated as follows

be ¼ eng
gel

� eb � ðg� gelÞ
gel

ð8Þ

where be is the break-even GHG emissions rate for grid electricity,
eb is the GHG emissions coefficient for thermal energy produced
from an on-site boiler (g CO2e/kW h), eng is the GHG emissions coef-
ficient for natural gas (g CO2e/kW h), g is the total CHP efficiency,
and gel is the CHP electrical efficiency. As the electrical efficiencies
vary as a function of capacity and load, the break-even GHG emis-
sion rates are defined for the range of efficiencies possible for each
system type and are shown in Table 5. These values define the value
of GHG emissions from grid electricity for which a CHP system
would neither increase of decrease GHG emissions.
4. Estimation methodology

Given the governing systems defined in Section 2, the task is to
now for each set of building energy demands determine the system
capacity and operating strategy that minimizes the overall GHG
emissions. Allowing the nominal electrical efficiency to be a func-
tion of the capacity while also defining the part-load efficiency,
however, leads to a complex problem formulation. In fact Eqs. (1)
and (3), lead to a mixed-integer nonlinear optimization program.
However if one defines the system capacity a priori, the problem
can be formulated as an easy to solve mixed-integer linear pro-
gram(MILP). This decoupling allows one to search the solution
space for the capacity that minimizes GHG emissions. This is the
basis of a simple global optimization technique called controlled
random search (CRS). Sections 4.1 and 4.2 describe the MILP for-
mulation and the CRS algorithm, respectively. Section 4.3 describes
how the CHP attributable GHG emission reductions were
calculated.

4.1. Operating strategy: mixed-integer linear program

The operating strategy is decided by a mixed-integer linear pro-
gram where the objective function is to maximize GHG emissions
reductions considering GHG emissions from grid electricity, on-site
boiler and combined heat and power system. The full program is
described in the following equations

Objective Function

max
X
t2T

eget þ ebht � engf t
� 	 ð9Þ

Subject to

0 6 et 6 Et 8t 2 T ð10Þ

0 6 ht 6 Ht 8t 2 T ð11Þ

0 6 et 6 ph
t þ pl

t 8t 2 T ð12Þ

0 6 ht 6 qt 8t 2 T ð13Þ

ltXl 6 ph
t þ pl

t 6 ltX 8t 2 T ð14Þ

xt fX 6 pl
t 6 fX 8t 2 T ð15Þ

0 6 ph
t 6 Xð1� f Þxt 8t 2 T ð16Þ

lt ;xt 2 ½0;1� ð17Þ

ph
t ; p

l
t; ht ; et P 0 ð18Þ

where eg is the GHG emissions coefficient of electricity from the
grid (g CO2e/kW h), eb is the GHG emissions coefficient for thermal
energy produced from an on-site boiler (g CO2e/kW h), Et is the
electricity demand of the building in hour t, and Ht is the thermal
demand of the building in hour t.

The decision variables are the electrical energy produced by the
CHP system and used by the building in hour t (et), the thermal
energy produced by the CHP system and used by the building in
hour t (ht), and the electrical power output of the CHP system
in hour t (ph

t ; p
l
t ;wt), and the operating status of the CHP system

in hour t, (lt).
The constraints defined by Eqs. (10) and (11) ensure that the

energy used by the building is not more than the electric an ther-
mal energy demands in any hour. Eqs. (12) and (13) ensure that the
energy produced by the CHP system and used by the building is
less than the output of the CHP system. Eq. (14) requires the power
produced by the CHP system to be within the minimum and max-
imum outputs. Eqs. (15) and (16) define the piecewise linear for-
mulation of the CHP power output. Lastly Eqs. (17) and (18)
define the integrality and non-negative constraints on the decision
variables. This formulation allows for waste of the electric or ther-
mal energy produced by the CHP system or to not use the system
entirely if deemed advantageous.

The CHP capacity and the corresponding electrical efficiency are
not decision variables in the MILP formulation. For any set of
building demands the MILP described above is repeatedly solved
for various values of CHP capacity. The system with the largest
reductions in building GHG emissions, as found by a controlled
random search as described in Section 4.2, was selected as the sys-
tem capacity.
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4.2. Sizing strategy: controlled random search

In this section the MILP previously described is considered a
function,MILPðXÞ, that takes a system capacity as an input and out-
puts the GHG emissions reductions. The CRS algorithm finds the
capacity that maximizes the GHG emissions reductions by system-
atically searching the solution space. Initially a capacity is ran-
domly selected from a uniform distribution over an interval of
�D. The GHG emissions reductions the specified capacity are eval-
uated and recorded. If the reductions are more than the previous
solution then a new capacity is selected from a uniform distribu-
tion about the new capacity. If the reductions are less than the pre-
vious solution, then the solution is discarded or accepted as a new
solution with a probability /. Accepting a sub-optimal solution
allows the algorithm to get out of local minima. This procedure
was repeated until the algorithm has not found a better solution
for 20 iterations. The full controlled random search is defined by
Algorithm 1.

Algorithm 1. Controlled Random Search.
4.3. Defining CHP attributable GHG emissions reductions

One of the intentions of this work is to clarify the additional
benefits of CHP systems by disaggregating the GHG emissions
reductions that can be achieved by electricity only systems. To that
aim, once the CRS has found the capacity that minimizes GHG
emissions, a second MILP program is run to calculate the GHG
emissions reductions without using any of the waste heat. For that
MILP the objective function is changed to

max
X
t2T

eget � engf t
� 	 ð19Þ

and Eqs. (11) and (13) are removed.
The ‘‘CHP Attributable” GHG emissions reductions are defined
as the difference between the value of the objective function as
defined by Eqs. (9) and (19).
5. Results and discussion

The maximum GHG emissions reductions for the simulated
buildings and CHP system types was estimated for different values
of GHG emission rates from grid electricity. The following sections
describe the effect on the hourly operation of the CHP system,
building size for thermal systems, CHP system type, and climate
for differing values of GHG emissions rates from grid electricity.
The CHP attributable reductions are calculated and discussed as
well. The section finishes by evaluating the GHG emissions reduc-
tions for each simulated city considering the average GHG emis-
sions reductions from local electricity production.
5.1. Optimal CHP systems under ‘‘High” and ‘‘Low” GHG emissions
scenarios

There are several changes in the optimal sizing, operation, and
GHG emission reductions under the ‘‘High” and ‘‘Low” grid electric-
ity GHG emissions rates. To introduce the changes, the findings for
a large residential building in Baltimore, MD will first reviewed.

Fig. 3(A) and (B) depict the thermal energy demand, electric
energy demand, consumed CHP thermal output and consumed
CHP electric output over 24 h for January 15, April 15th, and
August 15th under ‘‘High” and ‘‘Low” GHG emissions rates, respec-
tively. When the GHG emissions rate from grid electricity is ‘‘High”,
the CHP system is operational for every hour of the year. The out-
put of the CHP system tracks the electricity demand and the waste
heat is used whenever there is a concurrent thermal demand. This
leads to GHG emissions reductions for all hours of the year. In con-
trast when the GHG emissions rate from grid electricity is ‘‘Low”,
the CHP system must simultaneously offset electric and thermal
demands in sufficient magnitude to obtain GHG emissions reduc-
tions. On January 15th, where the thermal demand is significantly
higher than the electricity demand, the CHP system tracks the elec-
tricity demand as all the thermal energy can be used. However for
a few hours on April 15th, the electric and thermal demand is rel-
atively low compared to the CHP system capacity. Operating the
system at part-load to meet those demands would led to higher
GHG emissions than the original sources of energy, therefore the
system is not used. On August 15 for the entire day, there is not
enough thermal demand to justify the CHP operation.

The optimal CHP system size changes as a function of GHG
emissions rates as well. One CHP system is meant to provide
energy over 8760 h of concurrent thermal and electric demands.
If the system is over sized there will be significant waste for most
of the hours from operating at part-load. If the system is under-
sized, there are missed reductions during times of higher demand.
The optimal system balances these options to achieve the largest
reductions. Therefore by changing the GHG emissions from grid
electricity, both the size and the operating strategy shifts. For this
example there is approximately a 100 kW difference in system
capacity between the ‘‘High” and ‘‘Low” GHG emission scenarios.

Fig. 4 depicts the GHG emissions reductions for a ‘‘Large” resi-
dential building in Baltimore, MD from CHP operation (where
waste heat is used) and electric only operation over a range of
GHG emission rates from grid electricity. Under the ‘‘High” and
‘‘Low” GHG emission rates, the GHG emissions reduction reduces
from 38% to 6%. However, under the ‘‘High” GHG emissions sce-
nario the majority of the reductions could be achieved by simply
generating electricity locally. For the example, this is generally true
when GHG emissions from grid electricity are above 600 g CO2e/
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Fig. 3. Hourly dispatch of internal combustion engine driven CHP system for a large residential in Baltimore, MD (cold climate) for days in January, April and August. (A)
Operation with electric grid GHG emissions rate of 750 g CO2e/kW h, optimal system capacity: 623 kW, GHG emissions reductions: 38%. (B) Operation with electric grid GHG
emissions rate of 300 g CO2e/kW h, optimal system capacity: 527 kW, GHG emissions reductions: 6%.
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Fig. 4. GHG emissions reductions for the ‘‘Large” residential prototypical building
in Baltimore, MD from CHP and electric only operation.
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kW h as shown in the figure. As GHG emissions decrease, it
becomes more prudent to use the waste heat to achieve GHG emis-
sions reductions, leading the electric only systems to achieve min-
imal benefit. Overall though the ‘‘CHP attributable” reductions, or
the difference between the electric only reductions and CHP oper-
ation reductions, stay consistent until the GHG emission rate
moves toward the break-even point.

5.1.1. Prime mover selection
Fig. 5 depicts the CHP prime mover for each building type, loca-

tion, and size that led to the largest GHG emissions reductions.
Under most scenarios, the PA fuel cells resulted in the largest
GHG emissions reductions. These systems have the highest total
CHP efficiency and can achieve electrical efficiencies of 40%. As
the electrical efficiency for these systems is not a function of size,
PA fuel cells are best for both the large and small building sizes
although there are a few exceptions.
For ‘‘Large” office buildings under the ‘‘High” GHG emissions
scenario in all but the coldest climates, internal combustion engi-
nes provided the largest reductions. This is due to the higher elec-
trical efficiencies that can be achieved by these systems and that
energy demands for offices in these climates are dominated by
electricity consumption. Similarly large hospital buildings, in war-
mer climates where electric energy demands are also above 75% of
total demand, achieve the largest reductions with internal combus-
tion engines. Under the ‘‘Low” GHG emissions scenarios where
leveraging the waste heat is more crucial, microturbines achieve
the highest reductions for some residential buildings in cold, very
cold and subarctic climates.

5.1.2. GHG emissions reductions
The GHG emissions reductions for the ‘‘Large” building scenar-

ios are shown in Fig. 6. As the efficiency of fuel cell systems has not
been modeled as a function of size the GHG emissions reduction
for the ‘‘Large” and ‘‘Small” building scenarios are similar and not
depicted.

Under the ‘‘High” GHG emissions scenario, hospital and office
buildings have fairly consistent savings over all climate zones with
hospitals achieving the largest GHG emission reductions. The GHG
emissions reductions from residential buildings vary over a much
larger range as their electricity and thermal demands are much
more variable and climate driven.

Under the ‘‘Low” GHG emissions scenario, all building types
achieve reductions between 0 and 10%. Also the GHG emission
reductions are much less than the relative change in the grid
GHG emissions. As mentioned in previously, under the ‘‘Low”
GHG emission scenario the operating strategy changes, requiring
the system to provide simultaneous thermal and electrical demand



Fig. 5. CHP prime mover with largest GHG emissions reductions for each building type, location, and size under ‘‘High” and ‘‘Low” grid electricity GHG emission rates. Green:
PAFC, orange: internal combustion engine, purple: microturbine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. GHG Emissions reductions under ‘‘High” and ‘‘Low” GHG emission rates from
grid electricity. The length of the bars reflects reductions over all cities and climate
zone considered.

288 B. Howard, V. Modi / Applied Energy 185 (2017) 280–293
to see reductions. This in turn reduces the operating hours and CHP
system sizes leading to less overall GHG emissions reductions.
Fig. 7. Annual operation hours (proportion of the year) for ‘‘Large” office,
residential, and hospital buildings under ‘‘High” and ‘‘Low” GHG emissions rates
from grid electricity.
5.1.3. Operating hours and operating strategy
As the model formulation allows for a CHP system not to be

operated in any given time step, it is interesting to observe the
annual operating hours of the CHP system. Fig. 7 depicts the pro-
portion of the year the optimally sized and operated CHP system
supplies energy for the ‘‘Large” building types under ‘‘High” and
‘‘Low” GHG emissions rates.

Under the ‘‘High” GHG emission rate scenario, hospital and res-
idential building types are operated throughout the year for all cli-



Fig. 8. Proportion of operating hours where CHP system is dispatched to meet the thermal demand, electrical demand, minimum CHP load, maximum CHP capacity. (a)
Building type: office; grid electricity emissions: ‘‘High”. (b) Building type: residential; grid electricity emissions: ‘‘High”. (c) Building type: hospital; grid electricity emissions:
‘‘High”. (d) Building type: office; grid electricity emissions: ‘‘Low”. (e) Building type: residential; grid electricity emissions: ‘‘Low”. (f) Building type: hospital; grid electricity
emissions: ‘‘Low”.
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mate zones. Office buildings, however, vary in the annual operating
hours due to the large variation in electrical demand. It is difficult
to meet both the peaks and troughs in demand efficiently with a
single system. This indicates that office buildings may be good can-
didates for multiple prime mover systems.

When the GHG emissions from grid electricity are low there
must be a concurrent thermal demand in sufficient magnitude to
achieve GHG emissions reductions or else the system is not oper-
ated. For this reason under the ‘‘Low” GHG emission rate scenarios,
the annual operating hours are reduced for the office and residen-
tial building types. Hospital buildings, however, have consistent
thermal and electrical demands throughout the year in all climates
leading to consistently high operating hours.

Additional insights can be made by viewing how the CHP sys-
tem is dispatched to meet demand. Throughout the literature var-
ious heuristics have been used define the CHP operating strategy.
The most popular are electric load following and thermal load fol-
lowing [40,25,27,29]. The electric load following heuristic requires
the CHP system to meet the electrical demand in all time steps and
use waste heat if there is a concurrent thermal demand. The ther-
mal load following heuristic designates the CHP system to meet
the thermal demand in all time steps and supply electricity only
if there is a concurrent demand. The optimal operating strategy
could be one of those heuristics or a mixture of both.
Fig. 8 depicts the proportion of the annual operating hours that
the CHP systems are dispatched to meet the electrical demand, to
meet the thermal demand, at minimum part-load, or at maximum
capacity. Viewing these values allows one to discern how closely
the heuristics approximate the ideal operation.

Under the ‘‘High” GHG emissions rate scenario as depicted by
Fig. 8(a)–(c), the CHP systems are dispatched to mainly meet the
electricity demand. With the large GHG emissions coefficient, the
largest reductions are achieved by meeting the electrical demand
whenever possible.

Under the ‘‘Low” GHG emissions rate scenario as depicted by
Fig. 8(d)–(f), the results are mixed. For Hospital buildings, the
CHP systems are dispatched to mostly meet the thermal demand.
CHP systems for the residential buildings in cold climates are dis-
patched to meet the electrical demand whereas in the warmer
climates are dispatched to meet thermal demands. Lastly for
Office buildings in warm climates, the CHP systems are dis-
patched to meet the thermal demand whereas in cold climates
are dispatched to meet electrical demands. These trends occur
because of the need to have a concurrent thermal and electrical
demand to achieve GHG emissions reductions. Therefore the
CHP systems are dispatched to meet the lower of the thermal
and electrical demands if within the operating parameters of
the CHP system.



Fig. 10. CHP attributable and electric only operation GHG emissions reductions for
‘‘Large” office, residential, hospital prototypical buildings under the ‘‘High” GHG
emissions scenario.

Fig. 9. Optimal CHP system capacity for the ‘‘Large” building types under ‘‘High”
and ‘‘Low” GHG emissions rates from grid electricity.
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5.1.4. Optimal CHP capacity
As with the operating hours and operating strategy, the optimal

system capacity changes with the GHG emissions scenario as well.
Fig. 9 depicts the system capacities for the ‘‘Large” building types.
Under the ‘‘High” GHG emissions scenario the systems are sized to
be able to meet the larger electrical demands as this leads to the
largest reductions. Under the ‘‘Low” GHG emissions scenario for
the majority of building types and climates, the systems are sized
smaller to obtain higher efficiencies during the times of concurrent
thermal and electrical demand. The exception are the residential
buildings in cold climates where the sizes do not change much
between the two scenarios.

5.1.5. CHP ‘‘Attributable” GHG emissions reductions
The electric only and CHP attributable GHG emissions reduc-

tions for the large building types under the ‘‘High” GHG emissions
scenario is shown in Fig. 10. While the reductions considering the
contributions that can be achieved with an electric only system
range between 35 and 50% for Office and Hospitals buildings, the
CHP attributable reductions are less than 10% in all but the very
cold and subarctic climates. Residential buildings, however, with
larger thermal demands have higher CHP attributable reductions,
up to 20%. These values illustrate that the reduction from electric
only operation can be quite large.
Under the ‘‘Low” scenario no reductions can be achieved by an
electric only system meaning all of the reductions are CHP attribu-
table. Also as the PA fuel cell is the system of choice, the results are
similar for the ‘‘Small‘‘ building size.

5.2. Optimal CHP Systems at current GHG emission rates

While the previous analyses focused on the changes in opera-
tion for specific GHG emissions scenarios, in reality each city
receives electricity from a grid with it’s own average GHG emission
rate. To understand the implications for CHP systems under the
current conditions, the optimal CHP systems were found for the
location specific GHG emission rates for the ‘‘Large” building types.

The prime movers for each location that yields the largest GHG
emissions reduction is shown in Fig. 11. Internal combustion engi-
nes are selected for the office and hospital building types in warm
climates with higher GHG emissions rates to leverage the higher
electrical efficiencies. Microturbines are selected for all building
types in Seatle, WA due to the very low GHG emissions rate in that
region. PA fuel cells were found to achieve the largest reductions
for the remaining building types.

The GHG emissions reductions allocated into electric only and
CHP Attributable contributions for each building type and loca-
tion are shown in Fig. 12. With the eGRID rates, most building



Fig. 11. CHP prime mover with largest GHG emissions reductions for ‘‘Large” buildings under ‘2012 GHG emissions rates from grid electricity. Green: PAFC, orange: internal
combustion engine, purple: microturbine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. CHP attributable and electric only operation GHG emissions reductions for
‘‘Large” buildings under eGRID GHG emissions rates from grid electricity.

Fig. 13. Proportion of operating hours where CHP system is dispatched to meet the
thermal demand, electrical demand, minimum CHP load, maximum CHP capacity
for ‘‘Large” buildings under eGRID GHG emissions rates from grid electricity.
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types in cold, very cold, and subarctic climates achieve reductions
above 30% as these locations also have fairly high GHG emissions
rates. The CHP Attributable reductions, however, range between 5
and 20%. The residential buildings in these locations consistently
show above 15% CHP attributable reductions. With GHG emis-
sions rates close to the break-even point, all buildings in located
in Seattle, WA achieve very little GHG emissions reductions, less
than 2%.

Lastly for the majority of building types, an electric load follow-
ing heuristic best approximates the optimal operating strategy as
shown in Fig. 13. The exceptions are for Los Angeles and San Fran-
cisco, CA where low GHG emissions rates and low thermal
demands result in a thermal load following heuristic.
6. Conclusions

The goals of the current work were to ascertain the effects of
building type, building size, climate and current GHG emissions
from grid electricity on the GHG emission reductions possible from
natural gas fueled building scale CHP systems. The reductions were
estimated for prototypical hospitals, office, and residential build-
ings simulated in 16 different cities for microturbine, internal com-
bustion engines, and phosphoric acid fuel cells. The results were
also explored to understand the changes in system sizing and
operation.

The analysis found that the fuel cell systems provided the lar-
gest GHG emissions reduction for the majority of building types
in all climates under both ‘‘High” and ‘‘Low” GHG emissions rates
from grid electricity. The exceptions where for ‘‘Large” Office and
Hospital buildings in warm climates where the highest reductions
were achieved with internal combustion engines with higher elec-
trical efficiencies. Microturbines were the system of choice for
‘‘Large” and ‘‘Small” residential buildings in some cold, very cold
and subarctic climates.

GHG emissions reductions for these prototypical buildings were
between 30% and 47% under the ‘‘High” GHG emissions scenarios
with residential buildings exhibiting the most variability with
cities and the corresponding climates. Under the ‘‘Low” GHG emis-
sions scenario, GHG emissions reductions for the majority of build-
ing types were less than 10%. Under ‘‘High” GHG emission
scenarios the majority of GHG emissions reduction come from gen-
erating electricity more efficiently with a less carbon intensive fuel.
This results in CHP Attributable reductions ranging between 1 and
20%, with residential buildings representing the higher end of the
range.

In viewing the resulting CHP operation, the analysis found that
the annual operating hours for Office and Residential buildings
reduce under ‘‘Low” GHG emissions scenarios, as there must be a
concurrent thermal and electrical demand to achieve GHG emis-
sions reductions. Hospitals have concurrent thermal and electrical
demands throughout the year therefore the operating hours do not
diminish under lower GHG emissions scenarios.

In terms of operating strategy, under ‘‘High” GHG emissions
scenarios, the optimal operating strategy is analogous to an electri-
cal load following strategy, if operating. This is occurs due to the
GHG emissions from grid electricity being higher than those pro-
duced from the CHP system. Under ‘‘Low” GHG emissions scenar-
ios, the operating strategies vary, overall attempting to meet the
lower of thermal and electric demands in any hour, if operating.
This results in a thermal load following strategy for hospitals and
office buildings in warm climates. For residential buildings in cold
climates this leads to an electric load following strategy.

Considering current GHG emission rates for each location, the
same trends were observed. A mixture of prime movers provided
the largest GHG emissions reductions. Internal combustion engines
were favored in locations with both high GHG emissions and elec-
trical demands. Microturbines were the prime mover of choice for
Seattle, WA where the GHG emissions coefficient is relatively low.
Buildings in cold climates with high GHG emission rates where
able to achieve GHG emissions reductions between 30 and 50%,
however, the CHP attributable reductions where between 5 and
20%. The optimal operating strategy could be approximated with
an electric load following heuristic for all locations and building
types except for in locations with the lowest GHG emissions rates
where a thermal load following approach is favored.
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