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Abstract: Electrical and thermal loads of residential buildings present a unique opportunity for onsite
power generation, and concomitant thermal energy generation, storage, and utilization, to decrease
primary energy consumption and carbon dioxide intensity. This approach also improves resiliency
and ability to address peak load burden effectively. Demand response programs and grid-interactive
buildings are also essential to meet the energy needs of the 21st century while addressing climate
impact. Given the significance of the scale of building energy consumption, this study investigates how
cogeneration systems influence the primary energy consumption and carbon footprint in residential
buildings. The impact of onsite power generation capacity, its electrical and thermal efficiency, and its
cost, on total primary energy consumption, equivalent carbon dioxide emissions, operating expenditure,
and, most importantly, thermal and electrical energy balance, is presented. The conditions at which a
cogeneration approach loses its advantage as an energy efficient residential resource are identified as a
function of electrical grid’s carbon footprint and primary energy efficiency. Compared to a heat pump
heating system with a coefficient of performance (COP) of three, a 0.5 kW cogeneration system with
40% electrical efficiency is shown to lose its environmental benefit if the electrical grid’s carbon dioxide
intensity falls below 0.4 kg CO2 per kWh electricity.

Keywords: building thermal load; cogeneration; onsite power; electrical efficiency; carbon dioxide
emissions; primary energy; heat pump; grid efficiency; demand response; return on investment

1. Introduction

The global energy demand is ever increasing and administrations are trying to use
precious energy resources as effectively as possible while, at the same time, aiding the
increased penetration of renewable energy in realizing low/zero carbon economy [1]. Re-
cent increases in wind and solar energy generating capacity have done much to reduce
the reliance on carbon fuels, but an important complementary strategy is using available
energy resources more efficiently. Chemical energy’s potential in meeting the growing
energy demand is indisputable. Fuels such as biogas [2], hydrogen [3], natural gas (NG) [4]
and propane (LPG) are considered to play the role of bridging resources while we shift to-
wards 100% clean energy. Technological solutions are necessary to utilize readily available
resources (e.g., fuels) with the highest possible conversion efficiency [5]. Cogeneration tech-
nologies are capable of delivering usable energy to the end consumer at a higher efficiency
than the traditional method of separate electric and thermal production. Yet, this strength
is typically unexploited in building applications due to the disparity between production
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versus consumption, thermal-to-electrical energy ratio, cost, and electrical efficiency [6].
The cogeneration system’s effectiveness in converting fuel’s chemical energy to useful
electrical and thermal energy at the desired ratio and quantity plays a substantial role in
building application. Fuel-based hybrid power systems can lessen a building’s primary
energy and carbon dioxide burden, and augment energy resiliency if the total useful energy
(both as power and waste heat) is completely utilized onsite [7]. The concurrent electrical
and thermal energy generation at a high efficiency from an onsite fuel source can lower a
building’s greenhouse gas (GHG) discharge [8]. Such an approach can lower transmission
losses while also addressing surges in energy demand and helping in grid stabilization.
Cogeneration-based distributed energy resources, in conjunction with digital technologies,
can further enable higher primary energy efficiency and lower carbon footprint via smart
energy management strategies, data-driven grid information and communication tech-
nologies, and connected devices. The principal factors for enabling broadscale adoption of
cogeneration products include resiliency, low/zero carbon footprint, retrofittability, cost
competitiveness, and lower energy in buildings [9].

1.1. Relevant Work

The prime movers (PM) taken into consideration [10] for such purposes comprise
conventional and emerging power systems. Internal combustion engine (ICE)-based
cogeneration equipment has been the most researched technology.

Mahian et al. employed the Grey Wolf Optimizer for optimizing a diesel generator-
PV-wind turbine-battery system with a focus towards cost optimization [11]. Similarly,
Fazelpour et al. investigated a 150 kW diesel generator-PV-wind turbine hybrid hardware
for multi-family residential building with the objective of lowering the price of electric-
ity [12]. A multi-PM design strategy employing three ICE-based cogeneration systems for
meeting the needs of 20 users has been shown to lower the fuel consumption compared to
single equipment-based design [13]. Energy charge savings via hydrogen blended natural
gas in a 5 kWel ICE-based micro-CHP was investigated and reported by Santoli et al. [14].
Other heat engine-based cogeneration systems investigated included heat engines such
as stirling (SE) [15], micro gas (MGT) [16] and steam turbines (MST) [17], suitable for a
multi-family dwelling application.

Substitute electrochemical technologies, for instance, fuel cells were also investigated
for building applications. Ellamla et al. presented a comprehensive assessment of fuel
cell cogeneration equipment status in different countries [18]. Real time optimization
methodology was adopted to maximize fuel utilization, via the load following approach,
in an 8 kW constant load residential building [19]. Detailed system configuration analysis
of a hybridized version with a heat pump system suggested primary energy savings when
utilizing a 1 kWel fuel cell [20].

One kWel Solid Oxide Fuel Cell (SOFC) system with and without load modulation
was modeled and analyzed for its techno-economic performance when employed in a
residential building cogeneration application [21]. A Polymer Electrolyte Membrane fuel
cell (PEM) was also modeled for optimizing the integration with residential buildings’
heating and domestic hot water thermal equipment [22]. Similarly, Ito et al. presented a
detailed economic and environmental assessment of a residential 0.7 kWel PEM cogenera-
tion system [23]. This method was shown to provide environmental benefits even if the
electrical grid’s carbon intensity level was 0.2 kg/kWhel. Cost and performance analysis of
a hybrid heat pump plus PEM cogeneration system was recently reported [24], where the
authors concluded economic and energy benefits of deploying a heat pump in conjunction
with a fuel cell. A hybrid PEM-absorption chiller-based cogeneration system was modeled
and analyzed for residential buildings where 30% energy savings were reported [25]. Other
emerging technologies investigated included: Flame Fuel Cells (FFC) [26], Thermopho-
tovoltaic (TPV) [27,28], Thermoelectric (TE) [29], Thermionic Emission (TIE) [30], and
Organic Rankine Cycle (ORC) [31]. Modeling of a combined solar, geothermal, ORC-based
polygeneration energy system was recently reported [32]. This configuration was shown to
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lower primary energy and carbon intensity by greater than 94% and 97%, respectively, with
an estimated payback of >16 years. Similarly, Calise et al. examined the performance of a
combined solar, geothermal and ORC-based trigeneration system [33], where the inclusion
of energy storage on economics and energy balance was studied and reported.

The fuel-to-electric output efficiency of such PM technologies varies widely, by up to
50%, while the thermal-to-electrical output (T/E) ratios fluctuate by up to 15. A detailed
analysis of different PM technologies was recently assessed based on the key attributes of
cost, cycling, emissions, capacity, and technical and commercial feasibility [34].

In this context, energy modeling of the cogeneration system helps optimize the system
capacity and fit while improving the evaluation and simulation of cogeneration system
implementation in a building. A comprehensive overview of various modeling approaches
adopted by international researchers was recently reported [35]. This study presented the
advanced thermodynamic models and their benefits. Additionally, model improvement
strategies to enhance their applicability in a wide range of energy architectures were also
presented. Cogeneration equipment fueled by fossil and renewable sources, along with
different prime movers including heat engines, renewable power sources and electrochem-
ical power sources, were reviewed from a wide range of modeling approaches including
an Annex 42-based approach [36]. Roselli et al. recently reported dynamic simulations
suitable for techno-environmental assessment of cogeneration equipment [37]. This study
investigated the impact of central power plant efficiency variation on the onsite trigenera-
tion system’s value proposition in different geographical regions. The significance of power
plant efficiency was highlighted, and a particular cogeneration approach offered signifi-
cantly different energy savings. Evolution of the energy architecture was also considered
in the cost and performance analysis of a trigeneration system in supporting conventional
electrical and thermal loads along with that of electric vehicles [38]. Dynamic simulations
using 5 kWel micro-cogeneration hardware in conjunction with boiler and chiller suitable
for a multi-story building was conducted with the TRNSYS software platform. This study
highlighted the primary energy savings and carbon dioxide emissions reduction with the
cogeneration approach while compared to several other examined configurations, with
and without PM.

1.2. Problem Statement

Although the benefits of installing a resilient cogeneration device on site are well
understood, the optimal size of such a system, and the sensitivities associated with the heat-
to-power ratio, electrical efficiency and power rating for residential building applications,
are still unclear. Numerous investigations suggested a wide range of electrical power
ratings [10] for residential scale PM, varying from 1.5 kW [39] to 5 kW [14] for ICE-
based systems, 0.65 kW [31] to 7 kW [40] for ORC-based devices, 5 kW [17] with a MST
device, 0.7 kW [18] to 6 kW [19] for FC-based systems, and up to 250 W using TE/TPV
devices [29,31]. As can be seen, there is a high degree of variance in the electrical efficiency
and the suggested electrical power rating of the cogeneration system when applied in
different residential environments. One of the reasons for such a noteworthy variance in
the rated power output is the operational strategy, electrical efficiency, and continuous vs.
intermittent operation of the PM. Electrical and thermal energy storage capacity also play a
substantial role in the observed sizing variance.

Due to the energy efficiency impact of cogeneration, numerous researchers, technology
developers and equipment manufacturers are targeting residential applications (21% of
total US energy consumption) [41]. Designing a cogeneration system that fulfills the
building’s energy requirements is a challenging proposition as the seasonal and time-of-
day variances of power and heat load change considerably. The residential building’s
energy needs are chiefly influenced by the ambient conditions in a particular region,
while the E/T ratio can fluctuate from up to 3.5 [42]. This is largely driven by the heat
load oscillation from 30 Btu to 60 Btu per square feet [43]. In addition to the technical
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compatibility, another important aspect associated with such approach is the cost, which
greatly influences the acceptance at a broader scale.

1.3. Motivation and Contribution

Given the substantial role of cogeneration in addressing the energy and environmen-
tal burden of buildings, the primary objective of the present study is to investigate the
impact of different design characteristics on key technical and economic metrics. Decar-
bonization of buildings in the context of this paper refers to lowering or elimination of
the carbon footprint or carbon dioxide emissions (GHG) associated with electrical and
thermal energy demand by the building. GHG emissions caused by energy consumption
(both at the source and at the site) are the target of the present study. A comprehensive
analysis of the influence of generator power rating, its electrical and thermal efficiency,
and its cost, (capital and maintenance) on lifetime electrical grid purchases, total primary
energy consumption, overall carbon dioxide footprint, operating expenditure, return on
investment (ROI, measure of profitability), and, most importantly, thermal vs. electrical
energy balance, is presented. The main objective is to help the readers envisage varying
influencing characteristics and their impact on a product’s cost, energy, and environmental
benefits, and finally, utility bill savings for the end user. Amongst many factors which
can influence the broad scale adoption of energy-efficient solutions, cost premium and
energy/environmental benefits are important to consider when designing a residential
building-specific cogeneration. The capacity of the battery, power rating of the PM, physical
size, and operational and maintenance costs, need to be minimized to lower the capital
expenditure and enhance ease of integration with existing building stock.

In this framework, design specification to lower the (i) the primary energy consump-
tion, (ii) electrical grid purchases, (iii) annual operational energy and (iv) carbon dioxide
emissions, without producing excess thermal or electrical energy, but supplementing the
building energy needs at a low cost while enhancing the energy resiliency and efficiency
using an onsite cogeneration, is investigated and presented in this work.

The rest of the paper is dedicated to a detailed explanation of the (i) approach utilized,
including assumptions and calculations performed, (ii) case studies evaluating different
design configurations and (iii) conclusions outlining favorable configurations that meet the
objectives mentioned above.

2. Approach

The influence of different configurational aspects on key performance and cost at-
tributes was studied in detail. The primary variables considered for each design configu-
ration included: (i) power rating, (ii) electrical efficiency, (iii) auxiliary renewable power
source (photovoltaic, PV), (iv) unit cost, and (v) electrical grid’s carbon intensity. The
key attributes that were investigated included: (i) total primary energy, (ii) electrical grid
purchases, (iii) excess thermal and electrical production, (iv) utility bill savings, (v) annual
carbon dioxide emissions reductions, (vi) ROI, and (vii) payback period. Natural gas was
considered as the primary fuel for the cogeneration system. These operational variables
and resulting economic, environmental and performance metrics were investigated for
residential buildings.

2.1. Methodology

Modeling of the hybrid energy configuration was conducted using commercial simula-
tion software, HOMER® Grid (version 1.7, Homer Energy by UL, Boulder, USA) [44]. This
software package combines engineering and economics information in one comprehensive
model. Complex calculations comparing multiple components and design outcomes are
performed to identify points at which different technologies become cost competitive. The
optimization algorithm simplifies the design process by identifying least cost configura-
tions while considering the configurational aspects (described above) of each application
layout. The simulation process identifies each configuration’s performance as a function
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of time. The principal objective of the optimization process is to reduce peak power pur-
chases from the utility by determining the best mix of resources for the least-cost solution
and highest possible rate of return while considering the configurational aspects of each
application layout and satisfying the technical constraints of peak power and total energy.
The dispatch strategy picks the best economic option for serving the load at each time step
by considering the tariff, weather, and available power component in each configuration.
Details related to simulation, optimization, energy management and dispatch strategies
are very well presented [45,46].

A brief overview of various components and how they are utilized in the simulation
model is described here. HOMER’s principal strength is simulation of a power generation
system-based cogeneration configuration over the lifecycle. HOMER streamlines and opti-
mizes onsite energy generation technology in both supplemental and islanding scenarios
through user-selectable customizable components. HOMER’s simulation and optimization
strategy, along with impact analysis of different parameters, enables assessment of the
cost and performance viability of several combinations of configurational elements by
considering differences in equipment price and accessibility to each energy provider. At
its core, HOMER simulates a feasible method for blending each energy configurational
element imposed by the user. All analyzed configurations are organized consistently, with
distinct conditions chosen by the user as an economic or fuel optimization model. Sensi-
tivity analysis allows modeling of the impact of such variables as fuel price, PM electrical
efficiency, the grid’s carbon dioxide factor, etc., and assesses the ways in which the best
configuration changes with these differences. A list of key components and their boundary
conditions and parameters utilized in this study are outlined in table below. The package
allows the user to choose a tariff from a central database or simply define the fixed energy
charges along with utility’s carbon dioxide burden expressed as grams per unit of electricity
generated. The electric load can be imported from a time series file containing data of 365
consecutive days. The thermal energy needs are met by a standard boiler, an electrical
power generator or by surplus electricity. For each prime mover under consideration, a
percentage thermal recuperation value defines the value of useful thermal energy to meet
the thermal load in each timestep while supplemented by a boiler with defined efficiency,
if needed. The simulation software accounts for the complete conversion of all of the fuel
chemical energy into electrical and thermal output. The PM’s fuel consumption correlation
stipulates useful electrical output for the supplied amount of fuel while the balance is
accounted for as thermal energy production after considering the heat recuperation ratio.
In addition, HOMER prioritizes the energy source at each time step by considering the
electrical demand and the cost aspects of the PM versus other available power providers.
However, in the present study, the PM was assumed to operate all the time by forcing the
schedule option in the software for 100% availability. Several storage models based on
idealized and kinetic models can be utilized for electrical energy management. The energy
storage module considers similar losses during both charging and discharging states while
taking into account the user-selectable round-trip efficiency (DC-to-charge-to-DC). The
module also allows the user to select a minimum charge threshold after which the available
energy is not utilized in serving the load profile. The software also allows usage of a boiler
in configurations involving thermal loads, as investigated in this study. HOMER optimizes
and identifies the lowest cost solution in supporting the imposed load. The boiler module
operates whenever the heat recovery from the PM is insufficient in serving the thermal
profile. Photovoltaic modules are implemented in the configuration via user-defined cost
structure, electrical bus type and the output derating factor, along with lifetime. In addi-
tion, the software package applies Solar Global Horizontal Irradiation (GHI) Resource to
compute electrical output from the photovoltaics, based on the location input or through
a time-series file. The output from the simulation provides information related to eco-
nomics, energy price, energy consumption, energy generation by different components,
fuel consumption, and emissions. Detailed information related to base case architecture
(configuration with lowest net present value), and all other possible configurations setup
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by the user, is generated. The following values for each possible configuration are pro-
vided in the model (as outlined in Table 1): (i) Cost—net present cost, price of electricity,
capital cost, operating cost, fuel cost; (ii) Configuration—total annual fuel consumption,
annual electrical and thermal energy production (kWh/yr), annual electrical and thermal
consumption, excess electrical and thermal production, annual carbon dioxide emission
(kg/yr); (iii) Economics—ROI, simple payback, utility bill savings ($/yr), demand charge
savings ($/yr), energy charge savings ($/yr); (iv) Individual component—capital cost,
energy production (kWh/yr), fuel consumption (if utilized), autonomy (hours of grid
independent operation, e.g., for a battery); (v) Grid/utility—energy purchased and sold
(kWh), demand cost, energy cost ($). Additionally, the program also generates time series
data of the model variables from these simulation results with the same granularity as that
of the time-step used in the simulation model, with options including scatter plot (variable
comparison), delta plot (frequency of changes in any variable versus time), DMap (concise
way to view entire year of data for the selected parameter), profile (hourly performance
for an average day for each month for the selected parameter), histogram, cumulative
distribution function, and duration curve.

Table 1. Simulation model’s components and their primary operating parameters and constraints.

Simulation Model Component Parameter/Variable Notes

Utility/Tariff
Consumption, demand, and fixed

charges or simple tariff with user-defined
cost of electricity

$/kWh or tariff database from Genability

Utility/Tariff Grid sale limit kW

Utility/Tariff Emissions factors CO2, CO, SO2, NOx, Hydrocarbons, particulate
matter in g/kWh

Electric load/Thermal load Time-series file From Open EI database or user-defined synthetic
load profile

PM Fuel type and value Natural gas, propane, diesel, biodiesel, ethanol,
methanol etc.

PM Fixed generator capacity Capacity in kW

PM Fuel curve Fuel units/hr/kW

PM Minimum allowable load on
the generator 0–100%

PM Heat recovery ratio Recoverable thermal energy,
0–100%

PM Lifetime Hours of operation

PM Schedule PM on/off/optimized selection feature during
time of the day and day of the year

Energy storage Idealized battery

Idealized model—nominal voltage, capacity
(kWh), round trip efficiency (%), maximum

charge/discharge current (A), cost ($/module),
throughput lifetime (kWh), initial state of charge

(%), minimum state of charge (%).

Boiler Efficiency % along with user selectable fuel and cost

Photovoltaic Cost, derating factor $/kW, 0–100%

Photovoltaic Solar GHI resource or time series file kWh/m2

The load profile considered in residential buildings included total average energy
consumption of 25 kilowatt-hours per day with a peak load of ~4.5 kilowatt (combined
electrical and thermal loads). These values are based on the average energy consumption
numbers provided by U.S. Energy Information Administration (EIA, Washington, DC,



Energies 2021, 14, 2538 7 of 22

USA) [47,48]. As shown in Figure 1, the generic load profile is meant to represent the peak
demand profile rather than a particular building type and actual consumption in a specific
geographical region. Figure 1, for instance, displays the total load as a function of time of
the day along with peak consumption periods during the course of the day.
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Figure 1. Generic residential building energy consumption profile considered for the analysis:
(A) time of the day and (B) day of the year demand.

The power source consisted of a technology-agnostic, generic, customized AC power-
producing device with a pre-defined electrical output and efficiency (both thermal recovery
and electrical efficiency). No specific PM technology was considered as the primary
motivation was to study the sensitivity of power rating and energy conversion ratio on
benefits to the end user. The power source is assumed to operate continuously since one
of the objectives of this study is to minimize the kW rating of the power source module
to lower the capital cost as well as physical footprint. This mode of operation and power
range may not be suitable for some of the available PMs but fits very well with technologies
such as fuel cells, TPV, thermionic, and thermoelectric devices. Electrical efficiency of
the PM (fuel heating value to electrical power output) was also modulated between 25%
and 50% [49]. Thermionic emission-based PM, fuel cell, stirling engine, and ICE-based
configurations typically achieve this efficiency range. Different power outputs from 0.1 kW
to 1 kW were created in the software as customized power source modules.

The hybrid energy architecture considered for this analysis involved an (i) electrical
battery module (2 kWh battery, 4000 kWh lifetime throughput), (ii) a boiler serving the
thermal load via natural gas (85% efficient) after utilizing the heat recovered from the
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power source (if needed), (iii) an optional auxiliary PV power source, and (iv) a converter
(95% efficient), as shown in Figure 2. Additional thermal energy storage was not considered
in this analysis as the goal was to minimize the excess energy production and the boiler
utilized will act as the on demand thermal provider, essentially acting as a thermal storage
hardware. As shown in the schematic, power sources such as electrical grid, generator and
PV are shown as connected to the alternating current (AC) bus while battery resides on the
direct current (DC) bus. The direction of energy flow between the source and the consumer
is shown along with the load profile type and daily energy consumption rating. The
software prioritizes electrical power utilization in the order of primary load on the same
bus, followed by the energy storage module, before finally being sold to the electrical grid.
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The software evaluates each configuration via accounting for complete energy balance
in each time step (20-min interval). A comparison between the electric load and the avail-
able energy in each time step is performed, followed by calculation of the energy transfer
between all generation and consumption components. In the battery-based configurations,
the optimization engine decides in each time step whether to charge or discharge the bat-
tery based on the economic impact of the energy available in that time step, with the overall
objective of operational cost minimization. A determination on whether a configuration is
feasible in meeting the electric load under the conditions specified is made, followed by
estimating the price of life cycle costs of the hardware. Additionally, the random variability
inputs on electric and thermal loads improves the arbitrariness of the load profile, reflecting
realistic conditions.

Each configuration’s life cycle costs are calculated from the capital, maintenance, oper-
ating and other economic information such as discount rate and interest. The program also
calculates excess electric and thermal energy produced, which is defined as surplus energy
not consumed by energy storage or the load profile. This is an important consideration
for the presented analysis as the objective is to minimize the excess energy production.
The load profiles are accessed from the Open Energy Information database [50], while the
tariff related rate structure information is accessed from the Genability database [51]. If
PV is employed in the hybrid energy configuration, the solar global horizontal irradiation
(GHI) resource is utilized either from NASA (Prediction of Worldwide Energy Resource,
POWER) [52] or the National Renewable Energy Laboratory’s Solar Radiation database [53],
all built into the software program.
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2.2. Assumptions

All assumptions for different configurational elements considered in this analysis are
summarized in Table 2.

Table 2. Performance and cost modeling assumptions.

Parameter Value

Discount Rate 8%

Inflation Rate 2%

Project Lifetime 20 Years

Day-to-Day Load Variability 10%, random

Time step 20 min

Utility Tariff, Effective Date 1/1/2021

Generic flat plate PV cost [54] $3.22/watt

Electrical energy storage’s (EES) round trip
efficiency (RTE) [55] 80%

EES Status of Charge, SOCmin 20%

Initial SOC of EES 100%

Capital cost of EES [56] $300/kWh

Energy charges, $grid [57] $0.15/kWh

Energy sold to grid, $grid sales $0.1/kWh

Cost of natural gas, $fuel [58] $0.3/m3

Incentive, Investment Tax Credit (PV only) 30% of capital cost (100% CapEx eligible)

Incentive, Bonus depreciation (PV only) 50% in first year, marginal tax rate of 21%

Demand Response $6/kW, 9 random events/yr, 4 hrs/event

Carbon intensity of electrical grid, CO2,grid [59] 0.1–1.0 kg/kWh

Carbon intensity of natural gas, CO2,fuel 1.95 kg/m3

Power generator rating [49] 0.1–1 kW

Daily building electrical load [47,60] 15 kWh

Daily building thermal load 10–30 kWh

Electrical efficiency of the power generator [49] 25–50%

Thermal recovery efficiency 75%

Heat Pump COP, average [61] 3.0

Electrical heating equipment COP 1.0

EES capacity 2 kWh

Energy density of natural gas fuel [62] 53.6 MJ/kg

Electrical Grid efficiency [63] 30–60%

Natural gas site delivery efficiency [64] 92%

Mean time to replace/repair (MTTR) the
power generator 2.5 years or 22,000 h of operation

Salvageable value of the power generator 25% of the initial cost

The building’s daily electrical and thermal loads were assumed to be 15 kWh/day
and 10–30 kWh/day, respectively. The average electrical load (true electrical needs) in the
USA ranges from 10 kWh/day to 20 kWh/day [60,65]. Therefore, the selected 15 kWh/day
is a good representation of the majority of the residential buildings. However, the thermal
load varies significantly across the region. The assumed 10–30 kWh/day of thermal load
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definitely fits the domestic hot water thermal energy needs (typically varies between 7 and
26 kWh/day) across the region [65]. Buildings located in warm-mild climate regions can
benefit from the chosen thermal load value. However, cold climate regions’ peak thermal
loads can exceed 100 kWh/day [65], in which case the chosen range can only supplement
a portion of the load during the peak consumption period. Investment tax credit (30% of
capital cost) and bonus depreciation incentive (50% in first year at a marginal tax rate of
21%) were considered for PV, if utilized in the configuration. The cost of electricity (COE)
was assumed to be $0.15/kWh, while a net metering cost of $0.1/kWh was considered,
and the net operating expenditure reported here is adjusted for any such revenue. The cost
of natural gas was assumed to be $0.3/m3. The power source did not take into account
any tax credits or incentives. The COP of the heat pump-based thermal comfort hardware,
defined as the ratio of useful thermal energy versus electrical consumption, was assumed
to be 3.0, while that of electrical heating equipment (resistive heating equipment) was
considered as 1.0.

2.3. Calculations

Carbon dioxide emissions are calculated based on the carbon factor (kg of CO2 emitted
per unit of fuel consumed) for the electrical grid supply and the local fuel consumption
associated with both the cogeneration system’s PM as well as the boiler. Annual emissions
are calculated by multiplying the carbon factor (CO2,grid for utility purchases (MWhgrid/yr)
and CO2,fuel for natural gas consumption (m3/yr)) by the total annual fuel consumption
and MWh purchased from the electrical grid, according to Equation (1).

CO2,ton/yr =

(
CO2,grid ∗ kWhgrid

yr + CO2,fuel ∗
m3

fuel
yr

)
1000

(1)

Operational expenditure savings ($savings, opex) are calculated by comparing the net
expenses associated with on-site fuel consumption (m3/yr), net metering revenue (via
electric sales to grid, kWhsales) and reduced utility purchases (kWhgrid/yr) with that of the
baseline configuration electrical grid as the primary energy source, (kWhbaseline), as shown
in Equation (2).

$savings =
(

$grid∗kWhbaseline

)
−

(
$fuel∗ m3

fuel − $grid sales∗kWhsales + $grid∗kWhgrid

)
(2)

ROI, defined according to Equation (3), is a comparison between annual cash flow
versus incremental capital cost difference during the lifecycle of the system installed. In
this equation, Lproj is project lifetime, $i,base is yearly cash flow for reference system, $i and
$cap are the annual economic benefit and capital expenses associated with the configuration
being investigated, and $cap,base is the baseline system’s capital expenditure.

ROI =
∑

Lproj
i=0 ($i,base − $i)

Lproj

(
$cap − $cap,base

) (3)

3. Results and Discussion

Based on the assumptions and methodology described in the previous section, a
detailed performance analysis was conducted for residential buildings. The key configu-
rational aspects investigated include prime power rating and presence of PV, while the
electrical efficiency and cost were the key variables.

3.1. Prime Mover Power Rating

The impact of the cogeneration system’s prime power rating on total annual electrical
grid purchases supporting a 25 kWh/day (15 kWh electric, 10 kWh thermal) load is shown
in Figure 3A. The cogeneration configuration considered a power generator with a 0.1 kW
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to 1 kW rating and no auxiliary PV. Electrical efficiency of the PM was assumed to be 25%
(defined as electrical power produced vs. fuel heating value of 53.6 MJ/kg) while heat
recovery efficiency was assumed as 75%. As shown, the electric grid demand (E-Grid)
exceeds 9 MWh/year and decreases to ~5.6 MWh/year if the total thermal load is supported
via natural gas. Addition of the cogeneration equipment further decreases the grid demand
from ~4.6 MWh/year (with 0.1 kW PM) to <0.5 MWh/year (with 1 kW PM), due to onsite
power generation and thermal energy utilization. The excess thermal and electric power
generation, while utilizing different PM power ratings, is also shown in the figure. It has
to be noted that the electrical battery module size is only 2 kWh. As a result, any excess
energy produced beyond the storage capacity and the demand from the load profile is
considered as unutilized. It is important to consider this excess energy as it provides the
necessary information to optimally size the kW rating of the cogeneration system. As
shown in the figure, a 0.4 kW PM produces negligible excess electricity, but it produces
excess thermal energy beyond the thermal load profile. Conversely, a 0.2 kW cogeneration
system produces negligible excess energy. A power rating beyond 0.4 kW produces excess
thermal and electrical energy, as shown in the figure. Sizing these energy storage modules
appropriately will decrease the E-grid demand further and utilizes the produced energy
efficiently; however, higher capacities increase the capital costs. Additionally, the kW
rating has a significant influence on the overall CO2 footprint. E-grid as the primary
energy source produces 5.7 metric tons/year of CO2 (assuming a carbon dioxide factor of
0.63 kg CO2/kWh electric power [66]). Utilization of a natural gas boiler for thermal needs
decreases this CO2 footprint to 4.3 tons/year. The presence of 0.1 and 0.2 kW cogeneration
system further decreases the CO2 emissions to ~4 tons/year. A power rating beyond
0.8 kW yields > 5.7 tons/year, higher than the electrical configuration. Figure 3B displays
the combined energy efficiency of each configuration with and without cogeneration
equipment while considering different E-grid power plant efficiencies in the range of
30–60% (assuming Natural gas energy density of 53.6 MJ/kg). This analysis will help
recognize the overall impact of a cogeneration system’s kW rating on combined energy
efficiency in supporting the 25 kWh/day load of a building. The E-grid energy efficiency
varies widely across different regions and it is important to analyze the influence of onsite
power generation since one configuration/power rating may not fit across all regions. As
can be noticed in the figure, a PM size of up to 0.6 kW offers higher efficiency compared
to a 30% efficient E-Grid, while it decreases to only 0.4 kW when integrated in a 45%
efficient E-Grid scenario. Installation of cogeneration equipment in a region with a 60%
energy-efficient E-grid is favorable at onsite cogeneration capacities of up to 0.2 kW only.

The analysis presented above sheds light on the influence of cogeneration systems
from an energy and efficiency perspective, but it is also important to comprehend the
economic and environmental benefits. Figure 4A compares the percentage decrease in total
carbon dioxide emissions and operational expenditure for different energy configurations
discussed above. CO2 emissions can be curtailed by >32% with a 0.1 or 0.2 kW PM and by
up to 25% and 15% with a 0.4 kW and 0.6 kW configuration, respectively. However, the
higher kW configurations show a negative impact on CO2 emissions since the electrical
efficiency of the PM was assumed to be only 25%, which is reflected as excess thermal
energy in Figure 4B. It must be noted that the CO2 emissions are not normalized for the
total kWh of energy produced (excess electrical and thermal) but rather considered for
just the 25 kWh/day useful energy consumption in the building. These values would be
improved by a few percentage points if the excess thermal energy is stored and utilized.

Installation of the cogeneration system also results in operational energy cost savings
of up to 80%, as shown in Figure 4, mainly driven by the lower price of natural gas and the
waste heat produced by the PM in supporting the thermal load, which otherwise would
have been supported by E-grid. The operational cost savings presented here account for
the excess electricity produced via net metering at a cost of $0.1/kWh. Figure 4B also
displays the total primary energy, defined as the combined kWh energy associated with
the electrical grid and fuel. The primary energy was calculated after taking into account
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the energy consumed at the source/generation. A 45% central power plant electrical
energy efficiency was assumed for the E-grid portion of the energy supply to the building
while a 92% efficiency factor was assumed for the natural gas supply (to account for
distribution losses) [67]. As shown, the primary energy consumption of hybrid E-grid/NG
configurations of up to 0.2 kW is lower compared to the E-grid only energy supply. In
addition, deploying >0.4 kW PM does not require additional natural gas fuel to support
the thermal load, but higher power output (>0.4 kW) from the cogeneration system also
produces excess thermal and electric energy. The difference in additional boiler fuel
and excess thermal energy reflects the thermal balance if a thermal storage component
is included in the configuration. For instance, for the 0.2 kW system in Figure 4B, the
additional boiler fuel and excess thermal energy converge, implying that the system is
thermally balanced if a thermal storage unit is employed.
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diture, primary energy consumption, heating fuel demand. (A) Reduction in CO2 and operational
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tion system configuration.

3.2. Prime Mover Electrical Efficiency

In light of the above discussion where the economic and environmental benefits
are observed, the sensitivity of PM’s electrical efficiency was also investigated. A case
study was conducted for a high energy efficiency scenario with a building consuming
28 kWh/day, 0.4 kW PM onsite, 0.5 kW renewable power source (PV), and a two kilowatt-
hour energy storage module in Oak Ridge, TN, USA. The heat recovery efficiency was set
at 75%. Figures 5–7 compare the total energy requirement, efficiency and performance,
along with CO2 and cost implications, when deployed with varying degrees of PM’s
electrical efficiencies.
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Figure 5 displays the primary energy consumed with an all-electric configuration and
hybrid natural gas boiler plus E-grid, with and without a cogeneration system. The E-Grid
efficiency was assumed to be 60% while the delivered natural gas efficiency was assumed
to be 92%. It can be noticed that the 0.4 kW-based cogeneration approach consumes less
primary energy (combined electric plus natural gas at source) when the electrical efficiency
is ≥35%. In addition, total E-grid purchases are substantially lower with the cogeneration
system (~80% lower compared with all-electric primary energy source). Additionally, as
expected, excess thermal energy and total fuel consumption decreases with an increase in
the electrical efficiency. The demand for additional boiler heating fuel, however, increases,
(in other words, the additional thermal energy needed that is not provided by the 0.4 kW
PM) if the electrical efficiency of the PM is above 30%, as can be realized in the difference
between additional boiler fuel and the excess thermal energy.
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Figure 6 shows a comparison of total energy efficiency of each configuration (all with
0.5 kW PV) while supplementing electrical grid with energy efficiencies of 35%, 45%, and
60%. As displayed, fuel-supported configurations exceed the E-grid-based configuration at
efficiencies of 35% and 45%. However, above 60% electrical grid efficiency, the cogeneration
configuration must surpass at least 35% electrical efficiency to provide energy benefits.

In addition to the energy benefits, the impact of the cogeneration system’s electrical
efficiency on the operational expenditure and carbon dioxide footprint was also evaluated.
As displayed in Figure 7, two different E-grid sources representing low and high carbon in-
tensities of 0.42 kg CO2/kWh and 1.004 kg CO2/kWh electric production [66], respectively,
were considered. It can be noticed that natural gas cogeneration system configurations
show > 53% reduction in CO2 emissions if the grid electric supply is from a high carbon
intensity power plant. However, compared to low carbon intensity power plants (i.e., high
penetration of renewable resources), the cogeneration system’s impact on CO2 reduction is
less effective, yielding < 39% reductions. The cogeneration approach also has a positive
impact on lowering the operational expenditure. As shown, the net operating expenditure
savings can exceed > 55%, with the highest realized from the most energy-efficient PM
(50% electrical efficiency), demonstrating ~64% reduction in operational cost.

3.3. Cost Impact

As discussed in the introduction section, the penetration of the cogeneration system
into the residential building market is driven by many factors, including environmental
and economic (operational expenditure savings) benefits, as discussed above. However,
for cogeneration systems to become an effective energy resource in residential buildings,
the return on investment (ROI) is critical factor, as noticed in the building equipment and
appliance market. The impact of cost of the cogeneration system on ROI and payback was
investigated for the 0.4 kW configuration (40% electrical efficiency) with and without PV
(0.5 kW) in the target price range of $500 to $5000. The capital expenditure considered
included the cost of the cogeneration system, PV ($3.22/Watt, if utilized), as well as the
electrical energy storage module ($300/kWh). The mean time to replace/repair the power
core was assumed to be 2.5 years of operation, while the cogeneration system design life
was considered to be 10 years. The power source did not take into account any tax credits or
incentives and no demand response/demand load relief programs were considered in this
analysis, reflecting today’s residential tariff structure. Figure 8A displays the ROI of such a
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system with and without PV. It can be noticed that the high cost of PV lowers the overall
ROI compared to the configuration without PV. An ROI of 33% can be achieved with a $500
cogeneration system, which decreases to ~5% if the capital cost of such a system is $3000.
Capital costs beyond the $3000 range nullify the operational expenditure savings and do
not yield any significant ROI. Figure 8B, on the other hand, shows the simple payback in
years for cogeneration system systems without PV. At a target cost of $3000, the payback is
~10 years, while it is only 4 years if the capital cost is $1500.
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3.4. Comparison with Heat Pump

Heat pumps are most efficient in serving the thermal loads of a building. Hence, the
performance of a 0.5 kW cogeneration system was compared with that of a heat pump (COP
3.0), and also with a resistive heating system (COP 1.0), both supported by electrical grids
with a carbon dioxide factor of 0.63 kg/kWh. The residential building’s average electrical
load was assumed to be 15 kWh/day, while the average thermal load was assumed to
be 10 kWh/day. The electrical efficiency of the cogeneration system was assumed to be
40%. The analysis presented in Figures 9 and 10 accounts for the complete utilization
of the excess thermal energy (via thermal energy storage) produced by the cogeneration
system. Figure 9 compares the annual operational expenditure of the three configurations
examined. The 0.5 kW cogeneration system is cost effective at all thermal loads considered.
The heat pump system is the second most cost-effective solution from an operational
economics viewpoint.

Similarly, Figure 10 compares the annual carbon dioxide emissions from these three
configurations. The data presented here accounts for combined emissions associated with
electrical grid supply as well as on-site fuel consumption. As shown in the figure, the
environmental impact of the cogeneration system is considerably lower compared with the
electrical resistance-based heating system; however, compared to the heat pump system,
the carbon dioxide reductions are slightly lower for all three thermal loads investigated. For
instance, at 20 kWh/day thermal load, the cogeneration system can lower the annual carbon
dioxide emissions by ~27% compared to a heat pump system, and by ~55% compared to
the electrical heating system with a COP of 1.0.
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3.5. Carbon Intensity of E-Grid

As shown in the above section, the cogeneration system can lower the carbon dioxide
emissions compared to electrically driven systems. However, one must consider the carbon
intensity of the electrical grid in such analysis. The transformation of the electrical grid
with higher contributions from renewable energy sources in the grid infrastructure is
continuously lowering the effective carbon intensity of the grid. Hence, the environmental
analysis was repeated for different carbon dioxide intensities in the range of 0.1 to 1.0 kg
CO2 per kWh of electricity produced by the grid.

Figure 11 compares the annual carbon dioxide footprint of the cogeneration system
compared with that of heat pump equipment serving the energy needs of a building
consuming an average of 10 kWh/day of thermal energy and 15 kWh/day of electrical
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energy. As shown in the figure, the 0.5 kW cogeneration system with 40% electrical
efficiency loses its environmental benefit if the E-grid’s carbon dioxide intensity falls below
0.4 kg CO2 per kWh electricity.
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3.6. Demand Response Incentive

The results presented so far did not consider any demand response incentives; how-
ever, the electric tariff structure is transforming and evolving towards meeting the growing
global energy needs and such incentives are expected to become commonplace even in
residential buildings. Such incentives are also considered to promote better cost allocation
among ratepayers, while also helping to reduce strain on the grid. Hence, further studies
were conducted to explore the value proposition of a 0.5 kW cogeneration system with an
electrical efficiency of 40% in further reducing the operational energy costs in comparison
with a heat pump system with COP of 3.0. Demand response (DR) incentive was structured
at the rate of $6/kW, optimized according to HOMER®’s demand reduction protocol. Ten
DR events were assumed to occur in the summer months of May through September of
each year, between 7 a.m. and 7 p.m. Each event duration was assumed to be 4 h long. The
operational energy cost savings reached ~50% compared to a heat pump system and >62%
compared to electrical heating systems with a COP of 1.0.

4. Conclusions

This study presents a comprehensive analysis of the influence of different system
parameters such as power rating, electrical efficiency, unit cost, and power system configu-
ration on energy use, as well as the environmental and economic benefits they offer. The
primary objective was to identify the influencing factors which help lower (i) the primary
energy consumption, (ii) electrical grid purchases, (iii) annual operational energy cost
and (iv) carbon dioxide emissions, without producing excess thermal or electrical energy,
but enhancing energy resiliency and efficiency, using a small-scale cogeneration system.
This study demonstrates that it is possible to design a small-scale residential building



Energies 2021, 14, 2538 19 of 22

cogeneration system capable of providing environmental and economic benefits without
producing excess energy while utilizing < 2kWh of electrical storage capacitance. The
practical electrical efficiency of today’s prime mover technologies can lower the carbon
footprint of residential buildings even at small scale power output in a baseload configura-
tion while providing operational expenditure savings of >30%. Below are some of the key
findings from this study:

• At an electrical grid’s carbon intensity of 0.63 kg/kWh, CO2 emissions can be curtailed
by >32% with a 0.1 or 0.2 kW cogeneration system with an electrical efficiency of 25%.

• Cogeneration system sizes of up to 0.6 kW offer higher primary energy efficiency
compared to a 30% efficient electrical system, while they decrease to 0.4 kW and
0.2 kW configurations when integrated in a 45% and 60% efficient E-grid network, re-
spectively.

• Operational energy cost savings of 36% to 50% are possible via a cogeneration system
(25% electrical efficiency) with a power rating between 0.1 kW and 0.4 kW.

• To be effective as an energy efficient resource in residential buildings, and in order
to compete with electrical grid efficiencies > 60%, small scale cogeneration systems
(<0.5 kW) must exceed 35% electrical efficiency.

• In a building consuming 15 kWh/day of electrical energy and 10 kWh/day thermal
load, a 0.5 kW, 40% electrical efficient cogeneration system can lower the annual
carbon dioxide emissions by ~27% compared to a heat pump system (COP of 3.0) and
by ~55% compared to the electrical heating system with a COP of 1.0.

• A 0.5 kW cogeneration system with 40% electrical efficiency loses its environmental
benefit if the electrical grid’s carbon dioxide intensity falls below 0.4 kg CO2 per
kWh electricity.

• Net operating expenditure savings can exceed 60% with a 0.4 kW cogeneration system.
• A 0.4 kW cogeneration system can achieve an ROI of 14% and 8% with a price tag of

$1500 and $2000, respectively.
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Nomenclature

$savings, opex Operational expenditure savings
CO2,grid Carbon intensity of electrical grid
CO2,fuel Carbon intensity of natural gas combustion
COP Coefficient of performance
EES Electrical energy storage
kWh/day Kilowatt-hours per day
kWhsales Electric sales to grid
kWel Kilowatt, electric
kg Kilogram
kWh Kilowatt-hour
m3 Cubic meters of natural gas
MWhgrid/yr Electrical grid purchases by the building
MJ Megajoules
MW Megawatt
MWh Megawatt-hour
PV Photovoltaic
ROI Return on Investment
RTE Round trip efficiency
SOC Status of charge
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