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Abstract 

Manufacturing facilities with large electricity and steam loads commonly meet those loads with a grid and 

boiler (GB) system configuration. In this study, two alternatives, a natural gas turbine cycle driven 

combined heat and power (CHP) system configuration and a grid boiler system augmented with 

photovoltaics (GB-PV), are investigated sustainable manufacturing in reference to the GB system 

configuration. For this purpose, their discounted payback period (DPP), carbon dioxide (CO2) and nitrogen 

oxides (NOx) emission reductions, and primary fossil energy impacts are calculated. The major contribution 

of this study is that it directly compares the application of both CHP and PV technologies at an assumed 

manufacturing facility in all 50 states of the United States. This highlights the location-specific impacts of 

the facility. The examined manufacturing facility utility requirements are 5 MW of power and over 12,000 

kg/h of 250 kPa and 400 K saturated steam. A DPP of less than 25 years, the technology lifetime, is found 

in 44 states for the CHP system configuration and 6 states for the GB-PV system configuration. GB-PV 

and CHP cost-effectively reduce CO2 in 44 and 38 states, respectively. CHP is better for NOx reduction, 

whereas GB-PV is better for primary fossil energy reduction.  
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Nomenclature  

𝐶𝑝  constant pressure heat capacity (kJ/kg-K) 

h enthalpy (kJ/kg) 

In DC-AC inverter 

𝑚̇  mass flow rate (kg/h) 

n technology lifetime (yr) 

r interest 

T temperature (K) 

𝑊 ̇   power (MW) 

  

Symbols  

𝜂  efficiency 

γ  ratio of constant pressure specific heat to constant volume specific heat 

  

Subscripts  

a air 

ac air compressor 

amb ambient 

app approach 

B boiler 

cap capital 

cmb combustor 

E grid electricity 

ex exhaust 

gen generator 

net net 

pin pinch 

s steam 

sat saturated 

sz size 

trb turbine 

vap vaporization 

w water 

  

Abbreviations  

ACC additional capital cost 

AE avoided emissions 

CEF construction and deconstruction emission factor 

CF cash flow 

CHP combined heat and power 

DPP discount payback period 

ECF equipment capacity factor 

EF equipment and combustion emission factor 

GB grid and boiler 

GB-PV grid, boiler, and photovoltaic 

GE generated electricity 

GGL grid gross loss 

GHG greenhouse gases 

HRSG heat recovery steam generator 

LF location factor 

LHV lower heating value 

NG natural gas 

O&M operations and maintenance 

OH operating hours 

PFE primary fossil energy 

PFER primary fossil energy reduction 
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PR pressure ratio 

PV photovoltaic 

SP source-to-primary conversion factor 

SCF solar capacity factor 

UC unit cost 
 

 

1. Introduction 

The United States industrial sector consumes 35% of the end use energy in the United States [1]. 51% of 

the energy consumed at manufacturing facilities is used for process heating [2]. Typically, manufacturing 

facilities meet their electrical needs with grid electricity and process heat needs, usually steam, with on-site 

boilers [3]. According to Kaplan et al. [3], the industrial sector and grid electricity required to support it are 

responsible for 20% of the nationwide greenhouse gas (GHG) emissions. The dominant source of those 

emissions is from fossil fuels [4]. 

The substantial GHG emissions, and global focus on climate change, has led to scrutiny of the 

manufacturing sector [5]. As a result, the manufacturing sector has pushed for sustainable manufacturing, 

with the objective to produce goods in a cleaner manner [6]. Sustainable manufacturing approaches can be 

categorized as using cleaner energy or increasing energy efficiency [7]. Renewable energy from on-site 

photovoltaic (PV) installations is an example of using cleaner energy because of the low GHG emissions 

[8]. A natural gas turbine cycle based combined heat and power (CHP) system is an example of increased 

efficiency because it maximizes fuel efficiency by first using fuel in a power cycle to generate electricity 

and then using the waste heat in a manufacturing process [9]. While manufacturing facilities are pressured 

to reduce their reliance on fossil fuels and to lower harmful emissions, they must also remain profitable.  

Several studies have examined the economics of PV installations for specific industrial scales. Hussain et 

al. [10] evaluated rooftop PV for industrial facilities in the United Arab Emirates. They considered a 25 

MW tracking PV system with $1.7/WDC installation cost and a $0.074/kWh cost for grid electricity. They 

noted that the PV system was economically competitive with grid electricity costs even without incentives. 

The authors also explored an option with battery storage but stated that it was not economically feasible. 

Mukisa et al. [11] investigated PV installations for an industrial sector in Uganda. They examined 36 

industrial sites with a total PV capacity of 25.4 MW. The authors reported a levelized cost of electricity 

(LCOE) of $0.0575/kWh. Namin et al. [12] examined 3 MW, two-axis tracking, PV installations at 

manufacturing facilities in three US states, California, New Jersey, and Texas. They stated that with the 

current incentive structure in each state, the PV installations were all profitable. However, without 

incentives, no PV installation was economically viable. In regard to emissions, they reported that over the 

course of the 25-year lifetime, the PV installation abated 39, 44, and 70 tons of carbon dioxide (CO2), 

respectively for California, New Jersey, and Texas. Other papers examined general trends and drivers of 

PV installations in commercial or industrial settings. Breyer et al. [13] stated that globally, the commercial 

installation of rooftop PV shows financial benefits as well as avoided GHG emissions. They added that 

commercial PV reached retail electricity prices in several countries and examined a commercial roof-top 

case study in Turkey. The case study showed 813 g-CO2 avoided per kWh of electricity consumed. Vimpari 

et al. [14] examined PV installations for industrial uses in European cities. They noted that the technology 

is adopted later in an industrial setting compared to office or residential settings. They suggested that this 

is likely due to the low costs of industrial electricity from the grid which range from $0.0591/kWh 

(Belgrade) to $0.1435/kWh (London). Crago and Koegler [15] examined the drivers of commercial (non-

residential, non-utility) growth of PV installations in the Northeast United States. They found that the 

primary drivers of those installations were economic factors such as electricity costs and economic 
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incentives. They further noted that the environmental pressures for PV installation were not as important to 

commercial-scale electricity consumers as they were to residential-scale electricity consumers. They 

quantified CO2 mitigation costs, with solar rebates, to be $130/ton.  

CHP as a sustainable manufacturing approach has also been examined in the literature. Celma et al. [16] 

evaluated an olive processing industry as the site for a 1 MW gas turbine CHP system. The result of their 

analysis was a 3.6 year payback period, 40% emission reduction, and 49% reduction in primary energy 

demand for the CHP system. Chiaroni et al. [17] evaluated industrial energy efficiency technologies, 

including 20 MW and 30 MW CHP plants for pulp and paper applications as well as a mechanical 

application in Italy. They found that the payback time for the technologies was 3 to 5 years but did not 

examine environmental benefits. Van Erdeweghe et al. [18] explored an approximately 3 MW-electric 

geothermal CHP plant with various levels of heat recovery: 5, 10, and 20 MW. They found that a stand-

alone electric plant (no heat recovery) was economically infeasible and that the heat recovery allowed it to 

become profitable. The exergetic efficiency of the CHP system was up to 20% higher than the stand-alone 

electric plant, but the power production was up to 30% lower. Ahmadi et al. [19] evaluated an 8 MW-power 

and 49 MW-heat natural gas turbine CHP system for a petrochemical plant. They found that the CHP system 

operated at an efficiency of 56.8%. They added that the system could potentially work off the electrical 

grid. Vellini et al. [20] examined a high efficiency 1.69 MW gas turbine for the food processing industry 

in Europe. They found that the gas turbine was financially viable with a 12.81% primary energy savings 

and a 1069 ton-CO2 emission reduction per year. Machalek et al. [21] evaluated a 600 kW natural gas 

turbine CHP system for a discrete manufacturing facility in Utah, USA. The result of their analysis was an 

8.3 year payback period, 9.8% reduction in primary energy use, and 22.1% reduction in CO2 emissions. 

Abbas et al. [22] reviewed biomass cogeneration technologies. They reported that the biomass cogeneration 

works best with a steam turbine, with electrical efficiencies between 17-25% and overall efficiencies of 

around 85%.  

A few studies directly compared PV and CHP installations for commercial or industrial applications. Ishii 

et al. [23] examined PV and CHP with gas turbines, gas engines, and heat pumps as the primary movers for 

buildings in a Japanese city. Both technologies were forecasted to substantially reduce GHG. They added 

that CHP was better poised to make an impact in 2030 and PV was the better option in 2050. Halaby et al. 

[24] compared energy sustainability studies for sewage treatment including a PV system and a solid oxide 

fuel micro-turbine for CHP. They stated that when the CHP and PV were hybridized together the fossil fuel 

emissions were reduced by 83%.  Franco et al. [25] compared sustainable energy technologies for healthcare 

in the Global South, including PV and CHP installations. They reported that CHP is an economically 

valuable option in locations where grid electricity is 2.5 times as expensive as fossil fuels. The further 

reported that PV has substantial penetration in Africa and that the technology is particularly valuable in 

rural settings. 

Although many studies have evaluated PV or CHP installations at manufacturing facilities and some have 

even compared both technologies, no study has directly compared both technologies over a geographically 

wide-range to highlight the different environmental and economic impacts these technologies have based 

on the location they are installed. The objective of this study is to perform a geographically wide ranging 

comparison of two environmentally oriented system configurations for utility generation at a manufacturing 

facility. Both configurations are compared to the baseline utility generation for a manufacturing facility 

known as the grid boiler (GB) system configuration, where electricity is drawn from the grid and steam is 

generated by boilers. The alternative system configurations are (1) a combined heat and power (CHP) 

system configuration and (2) a grid and natural gas boiler configuration augmented with  photovoltaics 

(GB-PV) system configuration. Although many alternative configurations are possible, PV and CHP were 
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selected because they are the most ubiquitous for manufacturing facilities nationwide and do not require 

additional geographic considerations that other technologies, such as wind or geothermal, need. The CHP 

system configuration directly replaces steam and power generation in the GB system. The PV system 

reduces the grid power draw of the GB system configuration and is referred to as the GB photovoltaic (GB-

PV) system configuration. Mass and energy balance models are developed for each system configuration 

to calculate the grid electricity and natural gas they consume. Subsequently, the two alternative system 

configurations, CHP and GB-PV, are evaluated based on their discounted payback period (DPP), carbon 

dioxide (CO2) and oxides of nitrogen (NOx) emission reductions, and primary fossil energy impacts in 

reference to the GB system configuration. Sensitivity analysis is conducted to investigate the impact of 

several important parameters and provides insight into the impacts of these technologies in the future for 

each state.  

2. Manufacturing scenario overview 

The investigated industrial utility scenario is illustrated in Fig. 1. The facility assumed in this study has 

substantial and continuous electrical and steam loads. The PV and CHP systems are sized to generate the 5 

MW power baseload of the facility. The baseload power is depicted in the electricity sub plot of Fig. 1. 

Additional electricity needs are drawn from the grid.  

 

Fig. 1. Manufacturing facility daily electrical and steam loads. 

Once the electrical capacity of the CHP system is selected, the exhaust waste heat stream is fixed based on 

the mass and energy balances of the CHP equipment and an assumption of a fixed air inlet temperature. 

The exhaust waste heat is used to generate steam. The facility steam conditions are specifically selected for 

a food manufacturing facility at 250 kPa and 400 K saturated steam [26, 27]. It is assumed that a portion of 

the steam is lost in the process, so makeup water is added to the condensate return [28]. The boiler feedwater 

is therefore estimated to be at 325 K. The CHP steam baseload is shown in the steam subplot of Fig. 1. The 

remaining baseload steam is generated with boilers. The variable steam load, between the baseload and 

actual flow rate, is generated with standby or backup boilers.  

To make the system configuration comparison clear, only the utilities impacted by the CHP or GB-PV 

system configurations are evaluated. For all system configurations, GB, GB-PV, and CHP, the utility loads 
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are the same. The electrical load is assumed to be 5 MW and the steam load is assumed to be the CHP steam 

flow rate, 12,415 kg/h of 250 kPa and 400 K saturated steam. 

 

 

3. Utility generating approaches 

Mass and energy balances are used to calculate the annual grid electricity (MWh) and natural gas energy 

(MWh) required for each of the three utility generating approaches, GB, GB-PV, and CHP in sections 3.1-

3.3, respectively. Section 3.4 summarizes the grid electricity and natural gas use for each system 

configuration.  

3.1 Grid and boiler (GB) 

Fig. 2 illustrates how electricity and steam are supplied to the facility in the GB system configuration. 

Electricity is drawn from the grid and steam is produced through natural gas combustion in boilers. The 

steam is produced from 325 K boiler feedwater. It is assumed that the efficiency of the boiler is constant 

for its lifetime.  

Fig. 2. GB system configuration. 

The annual natural gas energy required for the GB scenario, 𝐺𝐵𝑁𝐺, is calculated in Eq. (1). 

𝐺𝐵𝑁𝐺 =
(ℎ𝑠 − ℎ𝑤)𝑚̇𝑠𝑂𝐻

𝜂𝐵
 (1) 

ℎ𝑠 is the enthalpy of the 250 kPa and 400 K saturated steam, ℎ𝑤 is the enthalpy of 325 K boiler feedwater,  

𝑚̇𝑠 is the steam mass flow rate, 𝑂𝐻 is the operating hours of the facility, and 𝜂𝐵 is the boiler efficiency.   

The annual base load grid electricity consumed, 𝐺𝐵𝐸 ,  is calculated in Eq. (2). 

𝐺𝐵𝐸 = 𝑊̇. 𝑂𝐻 (2) 

𝑊̇ is the baseload power draw for the facility.  

The input parameters used to model the GB system configuration are presented in Table 1. 
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Table 1 
GB system configuration inputs. 

 

 

 

 

 

3.2 Grid, boiler, and photovoltaic (GB-PV) 

Fig. 3 demonstrates the GB-PV system configuration. Steam is generated in the same manner as the GB 

system configuration. Therefore, the natural gas consumption is the same (i.e., 𝐺𝐵𝑁𝐺 = 𝐺𝐵-𝑃𝑉𝑁𝐺).  The 

grid electricity is supplemented with on-site PV generation. It is assumed that the PV system does not 

degrade over its lifetime. It is further assumed that the modular nature of solar panels allows for them to be 

fixed and cleaned without substantial downtime.  

 

Fig 3. GB-PV system configuration. 

The solar field is sized to match the base electrical load of the facility. The annual electricity generated by 

the PV system, 𝑃𝑉𝐺𝐸, is calculated in Eq. (3). 

𝑃𝑉𝐺𝐸 =  𝑂𝐻. 𝑃𝑉𝑠𝑧. 𝐼𝑛. 𝑆𝐶𝐹 (3) 

Where 𝑃𝑉𝑠𝑧 is the size of the PV field, 5 MWDC, and 𝐼𝑛 is the DC-AC inverter ratio, 1 [31]. The state-level 

solar capacity factor, 𝑆𝐶𝐹, taken from Lopez [32], are based on the NREL System Advisory Model. The 

PV system is specified to have a single axis tracker aligned with the north-south axis and no horizontal tilt. 

The SCF ranges from 0.105 (Alaska) to 0.263 (Arizona, Nevada, and New Mexico). While a single SCF 

Symbol Value Units 

ℎ𝑤 209.33 [29] kJ/kg 

ℎ𝑠 2716.8 [29] kJ/kg 

𝑚̇𝑠 12,415 kg/h 

𝑂𝐻 8760 h 

𝜂𝐵 0.89 [30] - 

𝑊̇ 5 MW 
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value is used for each state in this study, it should be noted that the SCF values fluctuate substantially within 

each state.  

The annual solar electricity generation for this field size is illustrated on a state-by-state basis in Fig. 4. The 

annual solar electricity generation ranges from 4600 to 11520 MWh/yr. The most solar electricity potential 

lies in the southwest. Generally, the solar energy potential decreases moving to the north and east. All 

United States maps in this paper, including Fig. 4, were generated using the Plotly Python package [33]. 

 

Fig 4. Annual solar electricity generation with a 5 MW PV-system. White indicates that the solar electricity 

generation is below 7000 MWh/yr. 

Eq. (4) estimates the grid electricity consumption of the photovoltaic augmented system configuration, 

𝐺𝐵-𝑃𝑉𝐸.  

𝐺𝐵-𝑃𝑉𝐸 = 𝐺𝐵𝐸 − 𝑃𝑉𝐺𝐸 (4) 

3.3 Combined heat and power (CHP) 

The utility generation for the CHP system is shown in Fig. 5. Electricity is generated with a simple natural 

gas turbine cycle. Air is compressed by a compressor, then combusted with natural gas, and finally 

expanded through a turbine to generate electricity. The shaft connecting the compressor, turbine, and 

generator represents the energy transfer from the turbine to the compressor and generator. The waste heat 

is recovered in a heat recovery steam generator (HRSG) to generate 250 kPa and 400 K saturated steam. 

The CHP system is modeled according to the work of Machalek [21] as well as the work of Kim [34]. The 

compressor is assumed to work adiabatically on an ideal gas – air. The combustor and turbine are also 

assumed to operate adiabatically. The efficiency of the compressor, combustor, turbine, and generator are 

assumed to be constant for the lifetime of the equipment. It is assumed that the facility already has the 

natural gas infrastructure to handle the increase in natural gas consumption. 
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Fig. 5. CHP system configuration 

 

Ambient temperature air, 𝑇1, is compressed with the air compressor and heated to 𝑇2 based on Eq. (5) as 

follows: 

𝑇2 = 𝑇1 (1 +
(𝑃𝑅)

𝛾𝑎−1
𝛾𝑎 − 1

𝜂𝑎𝑐
) (5) 

where 𝑃𝑅 is the pressure ratio, 𝛾𝑎 is the cold end fluid (air) ratio of constant pressure specific heat to 

constant volume specific heat, and 𝜂𝑎𝑐 is the isentropic efficiency of the air compressor. 

Mass and energy balances are used to model the combustion of the pressurized air in the combustor. It is 

assumed that the energy required to heat the natural gas to 𝑇2 is negligible. The temperature leaving the 

combustor and entering the turbine is calculated using Eq. (6). 

𝑇3 = 𝑇2 + (
𝜂𝑐𝑚𝑏𝐿𝐻𝑉𝑁𝐺𝑚̇𝑁𝐺

𝐶𝑝,𝑒𝑥𝑚̇𝑒𝑥
) (6) 

Where 𝜂𝑐𝑚𝑏 is the combustor efficiency, 𝐿𝐻𝑉𝑁𝐺 is the lower heating value of natural gas, 𝑚̇𝑁𝐺 is the mass 

flow rate of natural gas, and 𝐶𝑝,𝑒𝑥 is the heat capacity of exhaust. 𝑚̇𝑁𝐺 is calculated based on the size of the 

gas turbine. 𝑇3 is constant at 1250 K [35].  The flow rate of exhaust, 𝑚̇𝑒𝑥, is calculated as the sum of the 

air flow rate, 𝑚̇𝑎, and 𝑚̇𝑁𝐺 in Eq. (7).  

𝑚̇𝑒𝑥 = 𝑚̇𝑎 + 𝑚̇𝑁𝐺  (7) 

Subsequently, the pressurized and combusted air is expanded through the turbine which extracts work. The 

reduction in the exhaust temperature is calculated with an energy balance as follows in Eq. (8): 

2 3 

4 

1 
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𝑇4 = 𝑇3 (1 − (1 −
1

(𝑃𝑅)
 
𝛾𝑒𝑥−1

𝛾𝑒𝑥

) 𝜂𝑡𝑟𝑏) (8) 

where 𝛾𝑒𝑥 is the hot end fluid (exhaust) ratio of constant pressure specific heat to constant volume specific 

heat and 𝜂𝑡𝑟𝑏 is the turbine efficiency.  

The power, 𝑊̇, consumed by the compressor or generated by the turbine is calculated with Eq. (9).  

𝑊̇ = 𝑚̇𝐶𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (9) 

Where 𝐶𝑝 is the constant pressure heat capacity, and 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are inlet and outlet temperatures to the 

equipment, respectively.  

The net power generated by the CHP turbine, 𝑊̇𝑛𝑒𝑡, is shown in Eq. (10). 

𝑊̇𝑛𝑒𝑡 = 𝜂𝑔𝑒𝑛(𝑊̇𝑡𝑟𝑏 − 𝑊̇𝑎𝑐) (10) 

Where 𝜂𝑔𝑒𝑛 is the generator efficiency, 𝑊̇𝑡𝑟𝑏 is the turbine electricity generated, and 𝑊̇𝑎𝑐 is the air 

compressor electricity consumed. 

The HRSG energy balance requires pinch analysis to ensure steam generation feasibility. A diagram of the 

exhaust temperature and water or steam temperature, with a specific focus on the pinch region, is illustrated 

in Fig. 6. The exhaust can be thought to flow from left to right and the water or steam flows in the 

countercurrent direction. 

The HRSG is made up of two heat transfer sub-units, the pre-heater and the evaporator. The pre-heater 

illustrated as the far-right temperature ramp in the main plot of Fig. 6., brings the water temperature almost 

up to the boiling point. The difference in the water temperature entering the evaporator and the boiling point 

is the approach temperature, 𝑇𝑎𝑝𝑝. The approach temperature is a constant value, in this case 10 K [36]. 

The water then enters the evaporator where it is heated to the boiling point and then turned to steam. The 

difference in the exhaust temperature leaving the evaporator and the steam boiling point is the pinch 

temperature, 𝑇𝑝𝑖𝑛, a second constant value, also set to 10 K [37]. Note that the approach temperature and 

pinch temperature do not need to be the same. Finally, the water at the boiling point is turned into steam. 

This phase change is illustrated in the temperature plateau of the stream of water or steam.  
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Fig. 6. Temperature of exhaust and water or steam inside of the HRSG. 

The inlet conditions of the exhaust, 𝑚̇𝑒𝑥 and 𝑇3, are fixed based on the electricity generation requirements. 

The generated steam, 𝑚̇𝑠, is calculated with an energy balance in Eq. (11) as follows: 

𝑚̇𝑠 = 
𝑚̇𝑒𝑥𝐶𝑝,𝑒𝑥(𝑇3−(𝑇𝑠𝑎𝑡+𝑇𝑝𝑖𝑛))𝜂𝐻𝑅𝑆𝐺

ℎ𝑣𝑎𝑝+𝐶𝑝,𝑤𝑇𝑎𝑝𝑝 
 (11) 

where 𝑇𝑠𝑎𝑡 is the saturation temperature of the steam, 𝜂𝐻𝑅𝑆𝐺 is the HRSG efficiency, ℎ𝑒𝑣𝑎𝑝 is the heat of 

vaporization of water, and 𝐶𝑝,𝑤 is the heat capacity of the water. Since the exhaust heating capacity is much 

larger than the water cooling capacity (i.e., 𝑚̇𝑒𝑥𝐶𝑝,𝑒𝑥 >  𝑚̇𝑤𝐶𝑝,𝑤) temperature crossover is no longer 

possible after the pinch point. This is illustrated in the diverging exhaust and water temperature on the right-

hand side of the main plot of Fig. 6. After exiting the HRSG, the emissions go through a selective catalytic 

reduction (SCR) device to minimize oxides of nitrogen (NOx) emissions.  

The CHP system requires regular maintenance, which results in downtime. An equipment capacity factor, 

𝐸𝐶𝐹, is used to account for that. It is assumed that electricity would be drawn from the grid and backup 

and standby boilers would fulfill the steam needs during down time. The natural gas and grid electricity 

consumption values for the CHP system configuration are illustrated in Eq. (12) and Eq. (13), respectively.  

𝐶𝐻𝑃𝑁𝐺 = 𝐸𝐶𝐹𝑚̇𝑁𝐺𝐿𝐻𝑉𝑁𝐺𝑂𝐻 + (1 − 𝐸𝐶𝐹)𝐺𝐵𝑁𝐺 (12) 

𝐶𝐻𝑃𝐸 = (1 − 𝐸𝐶𝐹)𝐺𝐵𝐸 (13) 

Table 2 lists the model inputs for the CHP system configuration. The same CHP system parameters were 

used for each state. 
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Table 2 
Combined heat and power system configuration inputs. 

Symbol Value Units 

𝛾𝑎 1.4 - 

𝛾𝑒𝑥 1.39 - 

𝜂𝑎𝑐 0.8   [38] - 

𝜂𝑐𝑚𝑏  0.99 [34] - 

𝜂𝑔𝑒𝑛 0.98 [39] - 

𝜂𝐻𝑅𝑆𝐺 0.85 [36] - 

𝜂𝑡𝑟𝑏 0.89 [34] - 

𝐶𝑝,𝑎 1.03 kJ/kg-K 

𝐶𝑝,𝑒𝑥 1.06 kJ/kg-K 

𝐶𝑝,𝑤 4.21 kJ/kg-K 

𝐸𝐶𝐹 0.85 [40] - 

ℎ𝑣𝑎𝑝 2188 [29] kJ/kg 

𝐿𝐻𝑉𝑁𝐺  48,296 [41] kJ/kg 

𝑚̇𝑁𝐺 1271 kg/h 

𝑃𝑅 8 [35] - 

 𝑇1 298 K 

 𝑇𝑎𝑝𝑝 10 [36] K 

 𝑇𝑝𝑖𝑛  10 [37] K 

 𝑇𝑠𝑎𝑡  400 K 

𝑊̇ 5 MW 

 

3.4 System configuration utility summary 

Table 3 summarizes the electricity and natural gas use for the three system configurations. All the utility 

values for the system configurations remain the same across states, except for the grid electricity use for 

the GB-PV scenario, which is a function of the SCF of the state. Note that the values of 𝑃𝑉𝐺𝐸 are those 

presented in Fig. 4.  

Table 3 

Annual electricity and natural gas use for the three system configurations. 

 

 

 

4 Performance evaluation metrics 

The alternative utility generating system configurations, GB-PV and CHP, are evaluated on their 

performance relative to the baseline GB system configuration. The performance evaluation metrics are the, 

discounted pay-back period (DPP), carbon dioxide (CO2) and oxides of nitrogen (NOx) emission reduction, 

and primary fossil energy reduction (PFER). The CO2 and NOx emission reduction and PFER are 

normalized by the additional capital costs required for the CHP and GB-PV system configurations over the 

GB system configuration. Those costs account for the extra equipment capital costs and operations and 

maintenance (O&M) costs the GB-PV and CHP system configurations require. The normalization results 

in unit costs for avoided emissions and unit costs for avoided primary fossil energy use. Normalization is 

Utility GB GB-PV  CHP 

Grid electricity (MWh) 43,800 43,800 - 𝑃𝑉𝐺𝐸 6,570 

Natural gas (MWh) 290,208 290,208 476,439  
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standard in literature and allows for a clear comparison between the GB-PV and CHP system configurations 

[42]. 

The capital costs and O&M costs for the three system configurations are shown in Table 4. The presented 

capital and O&M costs capture general expenses of the system configurations, and a location factor is used 

to adjust those values in a state-by-state manner. However, even with that detail, there are significant 

fluctuations in the costs associated with this scale of the project, even on an intra-state level. It is assumed 

that there are no economic incentives for either the CHP or GB-PV system configurations.  

Table 4 

Capital costs and O&M costs for the three system configurations. 

*Assumes 15% O&M cost for back up boilers during use when the CHP system is down 

For each of the performance evaluation metrics, an example equation using the 𝐺𝐵-𝑃𝑉 system configuration 

is presented in the following sections (4.1-4.3). An analogous equation is used for the 𝐶𝐻𝑃 system 

configuration and can be realized by substituting 𝐶𝐻𝑃 for 𝐺𝐵-𝑃𝑉. 

While the focus of this work is on the economic and environmental impacts of the GB-PV and CHP system 

configurations, there are additional properties of each one that may make them desirable. In the case of GB-

PV, it is the flexibility of installation. A manufacturing facility may decide that the GB system configuration 

is a useful starting point and then upgrade to GB-PV in the middle of the lifetime of the manufacturing 

facility. On the other hand, the CHP system benefits from a greenfield installation, which avoids the 

installation and costs of many boilers. If, however, a CHP system is installed at a manufacturing facility 

completely equipped with boilers, then it can serve as a dispatchable load that backs up boilers and the grid 

to enhance utility generation reliability. The GB-PV system configuration cannot offer the same reliability. 

4.1 Discounted payback period  

The cash flow, 𝐶𝐹,  from the alternative system configurations of the GB-PV and CHP comes from the 

reduced utility costs and increased O&M costs compared to the GB system configuration. The 𝐶𝐹 for the 

𝐺𝐵-𝑃𝑉 system configuration, 𝐺𝐵-𝑃𝑉𝐶𝐹, is calculated using Eq. (14) as follows: 

𝐺𝐵-𝑃𝑉𝐶𝐹 = 𝑈𝐶𝐸(𝐺𝐵𝐸 − 𝐺𝐵-𝑃𝑉𝐸) + 𝑈𝐶𝑁𝐺(𝐺𝐵𝑁𝐺 − 𝐺𝐵-𝑃𝑉𝑁𝐺) − 𝐿𝐹(𝐺𝐵-𝑃𝑉𝑂&𝑀 − 𝐺𝐵𝑂&𝑀)  (14) 

𝑈𝐶𝐸 and 𝑈𝐶𝑁𝐺 are the state-dependent unit costs of electricity and natural gas [45, 46]. Since unit costs for 

electricity were only available on a monthly basis, the average of the electricity costs from August 2019, 

and January 2020, was used. The industrial electricity costs range from $0.0458/kWhE (Oklahoma) to 

$0.247/kWhE (Hawaii). Industrial electricity rates are often substantially lower than residential or 

commercial electricity rates. In practice, electric utilities charge manufacturing customers for their total 

electrical use (kWh) as well as their peak demand (kW). The reported rates roll both costs into a single 

 GB GB-PV  CHP 

Unit capital cost Boiler - $119.4/kWNG Boiler - $119.4/kWNG 

PV - $1.8/WDC 

CHP - $2080/kWGE 

Capital cost ($) 1,159,119 10,159,119 10,400,000  

Capital cost over GB ($) - 9,000,000 9,240,881 

Unit O&M cost Boiler - $0.00324/kWhNG Boiler - $0.00324/kWhNG 

PV - $16.27/kWGE 

CHP - $0.0123/kWhGE 

O&M cost ($/yr) 275,532 356,882 499,259* 

O&M cost over GB ($/yr) - 81,350 223,727 

Source(s) [43] [31, 43] [44] 
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value for ease of comparison across various rate structures. Further, peak demand is billed on a 15-minute 

basis which is a higher resolution than the presented CHP and PV models allow us to capture.  

The natural gas costs range from $0.00816/kWhNG (Oklahoma) to $0.0757/kWhNG (Hawaii). 𝐿𝐹 is the 

location factor that accounts for variability in the capital and O&M costs based on location [47]. The range 

of 𝐿𝐹 is from 0.81 (Arkansas) to 2.32 (Hawaii). The values used for the electricity costs, natural gas costs, 

and location factor are representative of the state; however, it is important to point out that these values 

vary within each state based on location and utility service provider.  

The system configuration economics are evaluated using the discounted payback period, 𝐷𝑃𝑃, for the 

additional capital costs the GB-PV and CHP system configuration incur over the GB system configuration. 

Eq. (15) shows the DPP calculation for the 𝐺𝐵-𝑃𝑉 system configuration. 

𝐺𝐵-𝑃𝑉𝐷𝑃𝑃 = ln (
1

1− 
𝐿𝐹(𝐺𝐵-𝑃𝑉𝐶𝑎𝑝−𝐺𝐵𝐶𝑎𝑝)𝑟

𝐺𝐵-𝑃𝑉𝐶𝐹

) /ln (1 + r) (15) 

𝐺𝐵-𝑃𝑉𝐶𝑎𝑝 and 𝐺𝐵𝐶𝑎𝑝 are the capital costs from Table 4 and r is the interest rate (7%).  

4.2 CO2 and NOx emission reduction  

An environmental analysis is conducted by considering the emissions of carbon dioxide (CO2) and oxides 

of nitrogen (NOx). The environmental impact of the GB-PV and CHP system configurations is evaluated 

by the reduction of CO2 and NOx emissions. To compare the scenarios, the reduced emissions are 

normalized based on the additional capital cost of the GB-PV and CHP system configurations over the GB 

system configurations. The final environmental metric presented is $/kg of emission reduced.  

The additional capital cost, 𝐴𝐶𝐶, for the 𝐺𝐵-𝑃𝑉 system configuration over the reference GB system 

configuration, 𝐺𝐵-𝑃𝑉𝐴𝐶𝐶, is calculated using Eq. (16).  

𝐺𝐵-𝑃𝑉𝐴𝐶𝐶 = 𝐿𝐹(𝐺𝐵-𝑃𝑉𝐶𝑎𝑝 − 𝐺𝐵𝐶𝑎𝑝)
𝑟(1 + 𝑟)𝑛

(1 + 𝑟)𝑛 − 1
+ 𝐿𝐹(𝐺𝐵-𝑃𝑉𝑂&𝑀 − 𝐺𝐵𝑂&𝑀) (16) 

The lifetime, 𝑛, of the PV system and the CHP system is assumed to be 25 years [48, 49]. 

The avoided emissions, 𝐴𝐸, for the 𝐺𝐵-𝑃𝑉 system configuration, 𝐺𝐵-𝑃𝑉𝐴𝐸,  are calculated in Eq. (17). 

𝐺𝐵-𝑃𝑉𝐴𝐸 = 𝐸𝐹𝐸(𝐺𝐵𝐸 − 𝐺𝐵-𝑃𝑉𝐸) + 𝐸𝐹𝑁𝐺(𝐺𝐵𝑁𝐺 − 𝐺𝐵-𝑃𝑉𝑁𝐺) − 𝐶𝐸𝐹. 𝑊̇. 𝑆𝐶𝐹. 𝑂𝐻 (17) 

𝐸𝐹𝐸 is the state dependent grid emission factor from the eGrid database [50]. The range on CO2 emissions 

from the grid is from 0.0216 kg-CO2/kWhE (Vermont) to 0.978 kg-CO2/kWhE (Wyoming). The range on 

NOx emissions from the grid is from 7.78e-5 kg/kWhE (Washington) to 0.00290 kg/kWhE (Alaska). 𝐸𝐹𝑁𝐺 

is the natural gas and equipment dependent emission factor: 0.181 kg/kWhNG for 𝐶𝑂2, regardless of 

equipment [51], 7.603e-5 kg/kWhNG for the boiler NOx emissions [52], and 8.909e-6 kg/kWhNG for the 

CHP system with the SCR device [53]. The final term in Eq. (17) accounts for the additional emissions 

from construction and deconstruction of the alternative system configurations annualized over the lifetime 

of the technology. The construction and deconstruction emission factor, CEF, for PV is 0.046 kg-CO2/kWhE 

[54] and for CHP it is 0.01352 kg-CO2/kWhE [55]. For the PV, the power generated is scaled by SCF and 

for the CHP the ECF is substituted in. The average SCF value for the United States was used to estimate 

emissions from construction and deconstruction because that process is assumed to depend on the mining 
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and processing steps, independent of the location of installation. CEF factors were only considered for CO2 

emissions. It was assumed that emissions were not increased by increasing natural gas transportation for 

CHP, compared to transport to a power plant. 

Eq. (18) details the unit cost of avoided emissions, 𝑈𝐶-𝐴𝐸, for the 𝐺𝐵-𝑃𝑉 system configuration, 

𝐺𝐵-𝑃𝑉𝑈𝐶-𝐴𝐸, as follows: 

𝐺𝐵-𝑃𝑉𝑈𝐶-𝐴𝐸 =
𝐺𝐵-𝑃𝑉𝐴𝐶𝐶

𝐺𝐵-𝑃𝑉𝐴𝐸
 (18) 

4.3 Primary fossil energy reduction  

The primary fossil energy reduction (PFER) model parallels the emissions reduction model. The 𝑃𝐹𝐸𝑅 for 

the 𝐺𝐵-𝑃𝑉 system configuration, 𝐺𝐵-𝑃𝑉𝑃𝐹𝐸𝑅, is calculated in Eq. (19). 

𝐺𝐵-𝑃𝑉𝑃𝐹𝐸𝑅 =
𝑆𝑃𝐸(𝐺𝐵𝐸  − 𝐺𝐵-𝑃𝑉𝐸)

(1 − 𝐺𝐺𝐿)
+ 𝑆𝑃𝑁𝐺(𝐺𝐵𝑁𝐺 − 𝐺𝐵-𝑃𝑉𝑁𝐺) (19) 

𝑆𝑃𝐸 is the state dependent electricity site-to-primary fossil energy conversion factor calculated from the 

ratio of the fossil fuel energy input to electricity generation from the eGrid database [50]. The range of 𝑆𝑃𝐸 

is from 0.428 kWhPFE/kWhE (Washington) to 3.03 kWhPFE/kWhE (Wyoming). 𝐺𝐺𝐿 is the regionally 

dependent grid gross loss [56]. The value of 𝐺𝐺𝐿 ranges from 4.80% (Western interconnection) to 5.14% 

(Hawaii). 𝑆𝑃𝑁𝐺 is the natural gas site-to-primary fossil energy conversion factor, 1.05 kWhPFE/kWhE [57]. 

The unit cost for primary fossil energy reduction, 𝑈𝐶-𝑃𝐹𝐸𝑅, for the 𝐺𝐵-𝑃𝑉 system configuration, 

𝐺𝐵-𝑃𝑉𝑈𝐶-𝑃𝐹𝐸𝑅, is calculated in Eq. (20). 

𝐺𝐵-𝑃𝑉𝑈𝐶-𝑃𝐹𝐸𝑅 =
𝐺𝐵-𝑃𝑉𝐴𝐶𝐶

𝐺𝐵-𝑃𝑉𝑃𝐹𝐸𝑅
 (20) 

4.4 Sensitivity analyses 

Sensitivity analyses examine the influence of different parameters on the performance evaluation metrics 

of the system configurations. Each sensitivity analysis contains three subplots, one with the original 

parameter value and two with deviations from the original value. Within each subplot of the sensitivity 

analyses the performance evaluation metric (e.g., DPP) for the CHP and GB-PV system configuration of 

all 50 states is shown. To aid readability and to demonstrate big picture impacts, the states in each subplot 

are sorted to ascend with the performance evaluation metric for the CHP system configuration. This means 

that, even within the same sensitivity analysis, separate subplots may show a different order of states. The 

GB-PV state ordering is the same as the CHP ordering. In other words, each vertical pair of points (black 

circles – CHP and red dots – PV) represents the same state. Further, California, Texas, and Ohio are labelled 

on every plot as well as the low and high value states. 

5 Results and discussion 

The results for the three performance evaluation metrics and accompanying sensitivity analyses are grouped 

together into three result subsections (5.1-5.3). In the fourth subsection, 5.4, the overlap of DPP and CO2 

emission reduction for the GB-PV and CHP system configurations is evaluated. The purpose of that section 

is to highlight locations where the alternative system configurations can simultaneously provide economic 

and environmental benefits.  
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5.1 Discounted payback period results 

Fig. 7 shows the DPP of the GB-PV and CHP system configurations for the manufacturing facility in all 50 

states. States colored white have a DPP greater than 25 years. The threshold of 25 years for economic 

viability is based on the technical lifetime of the equipment. The main driver for GB-PV economic viability 

is the cost of grid electricity as opposed to the PV-electricity generation shown in Fig. 4 [45]. Electricity 

unit costs for industrial facilities are lower than residential or commercial facilities, which disadvantages 

the GB-PV system configuration for manufacturing facilities. For CHP systems the economic analysis 

results are driven through the Spark spread, the difference in the cost of electricity generated with the natural 

gas turbine and the cost of grid electricity [58]. Even in the face of low industrial electricity rates, the CHP 

system configuration is economically viable in a much wider range of states (44) than the GB-PV system 

configuration (6). 

 

Fig. 7. DPP for GB-PV and CHP system configurations. White states indicate a DPP of greater than 25 years. 

The influence of the price of electricity on DPP is shown in Fig. 8, which examines a 20% increase and 

decrease in electricity costs. Currently the electricity prices range from $0.0458/kWhE to $0.247/kWhE. As 

shown in Table 3 and Fig. 4, the GB-PV and CHP system configurations reduce grid electricity 

consumption compared to the GB system configuration. Therefore, increased electricity costs reduce the 

DPP of the alternative system configurations. With a 20% increase in electricity price, the number of states 

with a DPP greater than 25 for the CHP system configuration goes from 7 to 3. For the GB-PV system 

configuration, a 20% increase in electricity rates results in a jump from 6 to 13 for the number of states 

where the system configurations are economically viable. A 20% decrease in electricity cost eliminates 

CHP system configuration viability in over half of states. In any case, the CHP system configuration is 

always either less expensive than the GB-PV system configuration or neither configuration is economically 

feasible.  
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Fig. 8. DPP sensitivity with respect to electricity prices.  

Fig. 9 shows the sensitivity analysis of the DPP with respect to a 20% fluctuation in natural gas prices. 

Currently the natural gas prices range from $0.00816/kWhNG to $0.0757/kWhNG. As shown in Table 3, the 

CHP system configuration increases natural gas consumption relative to the GB system configuration. As 

a result, 20% more expensive natural gas worsens the payback period of the CHP system configuration and 

increases the number of states where the CHP system configuration is not viable from 6 to 11. Conversely, 

20% less expensive natural gas increases the economic feasibility of the CHP system configuration and 

decreases the number of states where it is not economically viable from 6 to 5 and the number of states 

where the DPP is less than 10 years increases from 24 to 32. For the same relative change (±20%), the CHP 

system configuration is more sensitive to electricity price changes than to natural gas price changes. The 

GB-PV system configuration is not sensitive to natural gas price changes. The changes in the GB-PV system 

configuration values are due to the shuffling of the CHP system configuration state order as described in 

subsection 4.4.  

 

Fig. 9. DPP sensitivity with respect to natural gas prices.  

Fig. 10 shows the sensitivity of the DPP of the GB-PV system configurations to PV capital costs of 

$1.8/WDC, $1.5/WDC, and $1.2/WDC. Even though this paper does not explicitly consider any economic 



18 
 

incentives, this sensitivity analysis can be treated as a brief exploration of PV capital cost incentives. The 

CHP system configuration is not sensitive to PV capital costs, but it does illustrate how the economic 

viability of the two system configurations changes relative to each other. Moving from the most expensive 

to least expensive PV capital costs, the number of states where the GB-PV system configuration is viable 

shifts from 5 to 12 to 27. At $1.2/WDC, manufacturing facilities in two states with the GB-PV system 

configuration have a lower payback period than the CHP system configuration – Arizona and Arkansas.  

 

Fig. 10. DPP sensitivity with respect to PV capital costs.  

 

5.2 CO2 and NOx emission reductions results 

Fig. 11 shows the unit cost to reduce CO2 with the GB-PV and CHP system configurations. White states 

indicate the CO2 reduction cost is greater than $1/kg-CO2 or no CO2 reduction is possible. This threshold 

is selected because it represents the high end of CO2 abatement costs for a wide range of technology [42]. 

CO2 is emitted from on-site natural gas combustion for boilers or turbines and from power plants used to 

generate grid electricity consumed at the manufacturing facility. Both system configurations reduce grid 

electricity consumption as the mechanism to reduce CO2 emissions. The GB-PV system configuration is a 

cost-effective CO2 reduction method in more states (44) than CHP (38). 

 

Fig. 11. CO2 emission reduction cost for GB-PV and CHP system configurations. White states indicate a CO2 

reduction cost of greater than $1/kg-CO2. 
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Fig. 12 illustrates the sensitivity of CO2 reduction costs to PV capital costs of $1.8/WDC, $1.5/WDC, and 

$1.2/WDC. If PV capital costs are lowered from the current values, the unit cost of CO2 reduction for the 

GB-PV system configuration will decrease. This is because the GB-PV system configuration avoids the 

same amount of CO2 emissions in a less expensive manner. At the current PV capital cost, $1.8/WDC, the 

least expensive way to reduce CO2 emissions is with the CHP system configuration in 33 states. The CHP 

system configuration is not a cost-effective option in 12 states. At the capital price of $1.2/WDC, the GB-

PV CO2 reduction cost drop becomes highly competitive with the CHP system configuration; especially in 

the states where the CO2 reduction cost with CHP is greater than $0.1/kg-CO2. 

 

Fig. 12. CO2 emission reduction cost sensitivity with respect to PV capital costs.  

As the electrical grid integrates renewable energy sources, the CO2 grid emission factor, EFE, CO2, is 

expected to drop because less of the grid electricity will be generated from burning fossil fuels. Fig. 13 

demonstrates the sensitivity of the CO2 reduction cost for each system configuration to the EFE, CO2 of 90% 

and 50% of the current levels in each state. Both system configurations reduce CO2 emissions by reducing 

grid electricity consumption, rather than on-site emissions. As a result, the drop in EFE, CO2, lowers the CO2 

emissions avoided for the CHP and GB-PV system configurations. For the same capital investment, lower 

avoided emissions mean that the unit cost to reduce CO2 emissions is more expensive. A greener grid 

disproportionately impacts the cost-effectiveness of the CO2 emission reduction of the CHP system 

configuration. If the EFE, CO2 is reduced to 50%, the CHP system configuration does not cost-effectively 

reduce CO2 emissions in 36 states compared to 10 for the GB-PV configuration. In the 50% lower EFE, CO2 

case, the CHP system is still the better option in 5 states.  
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Fig. 13. CO2 emission reduction cost sensitivity with respect to grid emission factors.  

Fig. 14 shows the NOx emission reduction cost for both system configurations. White states indicate NOx 

reduction costs of greater than $1000/kg-NOx or no NOx reduction. In literature, $0-10/kg-NOx, is the cost 

range for emission reduction by dedicated technology [59]. However, since this analysis includes system 

transformations beyond dedicated NOx emission reduction technology, a threshold of $1000/kg-NOx is 

selected to compare system configurations. The GB-PV system configuration reduces NOx emissions by 

reducing grid electricity consumption and the associated NOx emissions. While the CHP system 

configuration uses this pathway to reduce NOx, the CHP system configuration also reduces NOx emissions 

from the on-site gas consumption exhaust with the SCR. The NOx emission reduction with the CHP system 

configuration is on the low end of the $0-1000/kg-NOx range in all 50 states. The GB-PV configuration 

lowers NOx emissions for less than $1000/kg-NOx in 45 states.  

 

Fig. 14. NOx reduction cost for GB-PV and CHP system configurations. White states indicate a NOx reduction cost 

of greater than $1000/kg- NOx. 

Fig. 15 illustrates the sensitivity of NOx emission reduction costs to PV capital costs of $1.8/WDC, $1.5/WDC, 

and $1.2/WDC. Reductions in PV capital costs, at the same NOx reduction level, lead to a significant 

reduction in the unit cost for NOx reduction for the GB-PV system configuration. Nonetheless, even at 

$1.2/WDC, the NOx emission reduction costs for GB-PV are not competitive with the CHP. The result 

suggests that the GB-PV system configuration is not a tool that should specifically be used to reduce NOx 

emissions. 
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Fig. 15. NOx reduction cost sensitivity with respect to PV capital costs.  

Fig. 16 shows the sensitivity of NOx emissions reduction cost for both system configurations to 90% and 

50% of the NOx grid emission factor, EFE, NOx. The decrease in EFE, NOx means that the NOx emissions 

avoided from reduced grid electricity use also decrease. The result is a significant increase in the unit cost 

of NOx emissions reduction for the GB-PV scenario and a slight increase in the unit cost for NOx emissions 

reduction for the CHP system configuration. The difference in NOx emissions reduction impact is based on 

the mechanism each system configuration uses to lower NOx emissions. The GB-PV system configuration 

only reduces grid emissions and the CHP system configuration, using the SCR, primarily reduces on-site 

emissions and slightly reduces NOx grid emissions. 

 

Fig. 16. NOx reduction cost sensitivity with respect to grid emission factors.  

5.3 Primary fossil energy reductions results 

Fig. 17 illustrates the primary fossil energy reduction (PFER) cost for both system configurations. White 

states indicate a PFER cost of greater than $50/MWh or no PFER at all. The GB-PV system configuration 

PFER is less than $50/MWh in all 50 states. The CHP system PFER is less than $50/MWh only in the 38 

states with a high fossil fuel dependence for electricity generation.  
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Fig. 17. PFER cost for GB-PV and CHP system configurations. White states indicate an SE reduction cost of 

greater than $50/MWh. 

Fig. 18 illustrates the sensitivity of the PFER cost to the SPE at levels of 90% and 50% of the current value. 

Lower SPE means that the electrical grid uses less fossil fuel energy per unit of electricity produced. As a 

result, a lower SPE reduces the fossil fuel impact of electricity consumption savings of the GB-PV and CHP 

system configuration. At the current SPE levels and 90% of the current levels, the CHP system configuration 

is a low-cost route for PFER in a handful of states. For the most part, however, the GB-PV system 

configuration is the less expensive method to reduce primary fossil energy consumption. If the electrical 

grid continues to remove fossil fuel-based power plants to 50% of the current level, the CHP system 

configurations will be an extremely expensive or impossible route for PFER. 

 

Fig. 18. PFER cost sensitivity with respect to grid source-to-primary conversion factors.  

5.4 DPP and CO2 emission reduction overlap  

Fig. 19 shows a scatter plot of the DPP versus CO2 reduction cost for the GB-PV system configuration of 

the specified manufacturing facility in each state. Manufacturing facilities in almost every single state 

provide cost-effective CO2 reduction with the GB-PV system configuration, but only a handful are 

economical including California, Hawaii, and four New England states. The primary economic driver is the 

price of grid electricity. Most states cannot economically justify PV installation without any economic 

incentives.  
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Fig. 19. DPP vs. CO2 reduction cost for the GB-PV system configuration for each state. 

Fig. 20 illustrates a scatter plot of the DPP versus CO2 reduction cost for the CHP system configuration in 

each state. Almost all states are economical locations for CHP system configurations and 34 of those are 

also worthwhile investments for the environmental benefit regarding CO2 reduction. CHP system 

configurations should be pushed and incented for appropriate manufacturing facilities in states where 

technology is economical and environmentally friendly. States where the CHP system configuration is 

economical, but not environmentally beneficial, should consider disincentivizing CHP systems that will be 

around for 25 years and will only become less environmentally friendly as the grid incorporates additional 

renewable energy sources.  
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Fig. 20. DPP vs. CO2 reduction cost for the CHP system configuration for each state. 

In several states, both system configurations provide environmental benefits with DPPs over 25 years. In 

these cases, policy makers may consider incentives to lower the DPPs for the technologies below 25 years 

and leverage manufacturing facilities to capture the environmental benefits of GB-PV or CHP.  

6 Conclusions 

This paper presents two alternative utility generating system configurations for manufacturing facilities 

with substantial heat and power loads, CHP and GB-PV. Those two system configurations are evaluated as 

potential environmentally beneficial alternatives to the standard GB system configuration. The analysis was 

carried out on a state-by-state level to account for important regional factors and examine viability for real-

world manufacturing facility scenarios. Generally, CHP and GB-PV system configurations have significant 

potential to cost-effectively reduce CO2 emissions of the presented manufacturing facility: 38 states for 

CHP and 44 states for GB-PV. However, the CHP system configuration also saves enough on utility costs 

to pay back the additional capital investment in a much wider range of states (44) as compared to GB-PV 

(6). For manufacturing facilities, always concerned with the bottom line, this is a critical aspect. The main 

driver for GB-PV economic viability is grid electricity costs, as opposed to PV generation. Industrial 

electricity costs are low compared to residential or commercial values. The CHP system configuration is 

the better option to reduce NOx emissions, whereas the GB-PV system configuration is superior in PFER. 

Even with a 20% increase in natural gas costs, a 20% decrease in electricity costs, or a 33% decrease in PV 

capital costs, the CHP system configuration is almost always either economically favorable to the GB-PV 

system configuration or neither option is economically viable. A greener grid with 50% lower grid emission 



25 
 

factors for CO2 results in the CHP system only being an environmentally valuable investment in 24 states 

compared to GB-PV being an environmental investment in 40 states. A 50% reduction in the fossil fuel use 

of the grid will mean that the CHP system configuration is not cost-effective for PFER, if at all effective. 

The high sensitivity of the CHP system configuration to CO2 grid emission factors and primary fossil energy 

conversion factors means that future grid electricity projections are a key input for this technology that will 

be around for 25 years at the manufacturing facility. While economically preferred, CHP may only have a 

limited time for viability as an environmental asset.  

The state-by-state level analysis is one of the critical highlights of this paper. Analysis of the GB-PV and 

CHP system configurations for the presented manufacturing facilities in all states demonstrate the wide 

range of impact each technology can have. A system configuration may be both economical and 

environmental in one state and then may provide no benefits in another. This suggests that analysis of these 

system configurations does not readily transfer from one location to another and local parameters need to 

be carefully considered. More importantly, this suggests that policy incentives for these technologies cannot 

be made on a national level.  

It should be noted that the state level data and scope of models is a good start to analyze national patterns. 

Any conclusions about the comparison of GB-PV to CHP needs to keep the scope of this work in mind. 

Analyzing individual cities based on their climate data and specific billing structures would allow for a 

better technology selection on an individual basis. Refining the CHP model to account for state dependent 

inputs such as temperature and pressure and detailed energy losses beyond individual component 

efficiencies would further increase confidence in the technology choice. On top of that, time-series data 

used to predict specific PV power production overlayed with a utilities billing structure would allows for 

demand reduction to be considered.  
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