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Abstract: The energy economy is continually evolving in response to socio-political factors in the
nature of primary energy sources, their conversions to useful forms, such as electricity and heat, and
their utilization in different sectors. Nuclear energy has a crucial role to play in the evolution of energy
economy due to its clean and non-carbon-emitting characteristics. A techno-economic analysis was
undertaken to establish the viability of selling heat along with electricity for an advanced 100 MWy,
small modular reactor (SMR) and four nuclear hybrid energy system (NHES) configurations featuring
the SMR paired with chemical heat pump (ChHP) systems providing a thermal output ranging from
1 to 50 MWy,. Net present value, payback period, discounted cash flow rate of return, and levelized
cost of energy were evaluated for these systems for different regions of U.S. reflecting a range of
electricity and thermal energy costs. The analysis indicated that selling heat to high temperature
industrial processes showed profitable outcomes compared to the sale of only electricity. Higher
carbon taxes improved the economic parameters of the NHES alternatives significantly. Providing
heat to high temperature industries could be very beneficial, helping to cut down the greenhouse
gases emission by reducing the fossil fuel consumption.

Keywords: chemical heat pump; techno-economic; nuclear energy; temperature boost; industrial
thermal processes

1. Introduction

The world faces a new challenge in the twenty-first century: that of lowering green-
house gas emissions substantially while simultaneously providing energy access and
economic opportunity to billions of people. During the recent United Nations Climate
Change Conference of the Parties (COP26), a total of 137 countries, including China, United
States, and India, have committed to net zero, carbon neutrality, or being climate neutral. To
have a major impact on GHG emissions, non-electric energy sectors’ (industry, commercial,
residential, and transportation) carbon footprint must be decreased for achieving long-term
emission reduction targets.

Researchers have been attracted to the integrated energy systems (IESs) in recent years
due to their potential to reduce GHG emissions, improve energy efficiency, and electrical
grid dependability, and enhance energy economics. IESs are collaboratively controlled
systems that can dynamically apportion thermal and/or electrical energy to promote the
production of various energy products while also providing responsive generation to the
power grid. Multiple subsystems make up an IES, which may or may not be geographically
co-located [1,2]. IES configurations are likely to help nuclear energy overcome its primary
challenge, cost, which has resulted in the relatively limited expansion of nuclear power
according to a recent MIT Future of Nuclear report [3]. In order to realize the benefits
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of integrated nuclear-renewable energy systems (INRESs) with the current reactor fleets
enabling them to provide process heat and improve economics as shown in Figure 1,
selection and development of a complimentary temperature upgrading technology is
necessary. Thermal energy can be used to generate power, be stored for later conversion
to electricity, or be used in industrial thermal processes. In response to changing electric
market conditions, this energy distribution can be modified to maximize the value of the
IES. Solar thermal and nuclear power are becoming less appealing to investors as the
price of electricity fluctuates due to the prioritization of renewable energy sources such as
solar photovoltaic electricity and wind power. These high temperature energy generators
facilities minimize greenhouse gas emissions, but they come with high upfront investments
that are difficult to recoup rapidly in a fluctuating energy market. While thermal energy
storage at times of lower electricity demand and later conversion to power under high
demand conditions is a component of the solution, there is also a chance to sell heat instead
of power when it is more profitable.

Nuclear
Reactor

Industrial

Process

Temperature Booster

Solar
Thermal .—
Energy

Power
Block

Wind
Energy

Figure 1. Example of Integrated Energy System.

McMillan et al. [4] gathered data on thermal energy consumption and CO; emissions
for high-temperature thermal process businesses in the United States in 2016. They discov-
ered that boilers or combined heat and power accounted for 70% of the 51 TBtu consumed
in the US industrial sector in 2014, while direct process heating accounted for another
24%. Fossil fuels (mainly natural gas) are readily available, affordable, and simple to
utilize; therefore, they are commonly used to generate the requisite high temperature heat.
Instead of fossil fuels, using nuclear or renewable thermal energy for these applications
can significantly reduce greenhouse gas (GHG) emissions. This also opens the possibility
of using energy sources other than electricity, which isn’t always feasible due to fluctuating
electricity prices. Conventional nuclear reactors operate at 300-325 °C, whereas the high
temperature thermal industrial processes typically require heat at greater than 550 °C as
shown in Figure 2. To address the temperature mismatch, a heat pump is used between the
nuclear power plant and the desired high temperature needed by industrial process.



Energies 2022, 15, 5873

30f25

Methanol Production

|
Steam Methane Reforming ]
Petrochemical Manuf. |
Ethylene Production |
Ammonia Production ||
Dehydrogenation of Butylenes |
Paper Manuf. |

Petroleum and Coal Production

Petroleum Refining
Ethyl Alcohol Manuf. |
Potash, Soda, Borate Mining |
Plastics and Resin Manuf. |

Pracess Heat Temperature (°C)

Conventional
Nuclear Reactor

Figure 2. High Temperature Industrial Thermal Processes with Temperature Requirements [4].
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Heat pump technologies are preferable to other alternatives (resistance heating) for
achieving higher temperatures because they avoid the efficiency penalty associated with
the thermal to electrical energy conversion while still enabling storage of thermal energy
for later conversion to electricity if desired. Chemical heat pumps (ChHPs) are systems
that use reversible chemical reactions to change the output temperature of the primary
energy source. ChHP systems are characterized by high capacity, long term storage, and
low energy loss [5]. Compared to mechanical or absorption heat pumps, ChHPs are capable
of much higher temperature lifts and with significantly less mechanical input [6].

The operation of this system can be described in two basic steps: charging and dis-
charging as shown in Figure 3 with schematic of the component and Clausius—Clapeyron
diagram for the ChHP system based on Ca(OH);, /CaO system featuring cyclic dehydration-
hydration reactions. In a survey conducted in 2013 by Sabharwall et al. [7], the reversible
Ca(OH), /CaO reaction shown in Equation (1) was established as the best candidate for
high temperature boosting of heat from light water reactors to high temperature industrial
thermal processes. The Ca(OH),/CaO reaction has a high energy density, fast reaction
kinetics, and an equilibrium curve appropriate for the high temperatures involved with the
industries of interest. Energy charging starts with the addition of heat at Ty to dehydrate
the chemical bed consisting of Ca(OH); at low pressure. The vapor is then captured in a
condenser and heat is rejected at Tc, usually the ambient temperature. For discharge, the
vapor pressure is increased, and the condensed water is evaporated with heat added at
Tg. The vapor then hydrates the chemical bed of CaO, releasing the stored heat at Tgy. The
completion of cycle positions the chemical bed for the energy charging step again. The
heat input and rejection temperatures of a chemical heat pump are mainly dictated by the
saturation or equilibrium temperatures of the refrigerant or reactants used. The calcium
oxide hydration reaction has the potential to receive heat at 350 °C during charging and
deliver heat above 600 °C during discharge. This means this reaction is not only helpful
in delivering heat at high temperatures, but also providing temperature lifts greater than
250 °C. High temperature operation and large temperature lifts make the CaO/Ca(OH),
chemical heat pump a great candidate for efficient high temperature process heating using
low-carbon thermal energy.

Ca(OH),(s) + AH; = CaO(s) + H,O(g) 1

AH; =104.4 k] mol !
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Figure 3. Schematics of components of Ca(OH), /CaO ChHP system; Clausius—Clapeyron diagram
(O-®@ are the reaction conditions corresponding to the figure on the left).

Several researchers have investigated the feasibility of the Ca(OH),/CaO reversible
system both theoretically and experimentally [8-17]. These studies have been conducted on
small scale (<1 g) to laboratory scale (60-2500 g) systems in a fixed bed reactor with direct
and indirect heating. Modifying the reactant to improve its mechanical and physical prop-
erties has been the topic of a few recent investigations as studies have found agglomeration
of reactant giving rise to low effective thermal conductivity and poor heat and mass trans-
fer [18-23]. According to Rofskopf et al. [21,22], adding a minimal amount of nano-5i02
to CaO particles prevented agglomeration and stabilized the bulk characteristics of CaO
particles, but had little effect on lowering the dehydration temperature. Gupta et al. [23]
investigated the effect of addition of CaTiO3 with Ca(OH), pellets and the results showed
increase in rate of reaction with 55% increase in mechanical strength of the pellet.

There have been very few studies focusing on the economic feasibility of ChHPs
due to low technology readiness level (TRL) of the system. Spoelstra et al. [24] studied
the techno-economic analysis of isopropanol-acetone and ammonia-salt ChHPs system
for temperature amplification less than 150 °C. The ammonia-salt vapor heat pump, on
the other hand, outperforms the isopropanol-acetone heat pump in terms of technical
performance by evaluating internal rate of return of 7%, as it has a higher enthalpic
efficiency and a higher coefficient of performance. Karaca et al. [25] investigated economics
of ChHP based on ethanol-formaldehyde-hydrogen, ethanol-acetaldehyde-hydrogen,
iso-propanol-acetone-hydrogen, and n-butanol-butyraldehyde-hydrogen systems for low
temperature heat upgrade from 77-200 °C. These studies were conducted in 2002, and the
economy and policy have changed significantly since then. Bayon et al. [26] explored the
techno-economic feasibility of thermochemical energy storage systems when coupled with
solar thermal energy. The working pair investigated were molten salts, alkaline-hydroxides,
carbonates, and oxides. Of the 17 working pairs analyzed, 8 showed high potential for
commercial applications with a cost lower than USD25 MJ ! including Ca(OH), /CaO
system. There have not been any techno-economic studies reported which focus on ChHP
for thermo-amplification to boost the temperature from 350 °C to greater than 600 °C.

The development of a SMR involves significantly less upfront money, resulting in
lower financial risks and making it a viable alternative to large nuclear reactors (1 GW). An
SMR can also combine with an integrated energy system to manage fluctuations in intermit-
tent renewable energy generation while also storing energy or providing electricity /heat.
Bolden et al. [27,28] examined the SMR economics through a comprehensive model based
on first-of -a-kind (FOAK) through nth-of-a-kind (NOAK). The model evaluates a project’s
feasibility in regard to market conditions and commonly used capital budgeting techniques
like the net present value (NPV), internal rate of return (IRR), payback period (PBP), and
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the levelized cost of energy (LCOE). Sabharwall et al. [29] conducted a study on nuclear
renewable energy integration economics comparing the economics of three cases nuclear,
nuclear-wind, and nuclear-wind-hydrogen for PJM and Mid-C US markets. Nuclear-wind-
hydrogen was the profitable case out of the three based on the assumptions of their study.
Alonso et al. [30] conducted economic comparative study on SMR versus coal and com-
bined cycle plants. They performed sensitivity analysis showing how NPV and IRR varies
by changing discount rates and overnight capital cost. Within integrated energy systems,
there is an obvious requirement to resolve temperature mismatches between energy sources
and demands in the most effective way feasible. The techno-economics model is critical for
determining whether technical and market factors make the coupling of a heat pump to a
SMR advantageous and appealing to investors. A related techno-economic study from our
research group focuses on identifying the number of profitable scenarios of chemical ab-
sorption heat pump-SMR system for upgrading nuclear heat when compared to advanced
SMR based on PJM region hourly utility data for different years. The effect of chemical
bed thermal conductivity and relative size of heat pump on economic metrics were also
investigated [31].

The environmental benefits of SMR-heat pump systems over using fossil fuels for
process heating are readily apparent. However, the economics of the system needs to be
assessed in order to decide whether the system is a viable investment. This study focuses
on economic feasibility of an SMR by selling electricity and nuclear hybrid energy system
(NHES) i.e., SMR coupled with ChHP system by selling a combination of heat and electricity.
For the techno-economic analysis, the average selling price of electricity and natural gas
(for heat) for six different U.S regions are used. The ChHP specific capital cost is calculated
using steady state thermodynamic model as there are no studies presently available which
reported the specific cost of Ca(OH), /CaO ChHP. The economic viability is compared by
estimating the economic indicators such as net present value (NPV), payback period (PBP),
discounted cash flow rate of return (DCFR), and levelized cost of energy (LCOE) for SMR
and NHES systems.

2. Methodology

The general methodology used to assess the techno-economic feasibility of a system is
shown in Figure 4. The first stage is to estimate the capital costs of the system. In next step,
possible market and utility factors are evaluated. Finally, the necessary economic indicators
are calculated to determine the techno-economic feasibility of the system or project. This
section describes the evaluation of economic indicators, specific capital cost and baseline
schematic of ChHP with SMR.

Market Factors Project Viability

* Interest Rate
* Cost of Debt and

* Weighted Average
Cost of Capital

* Payback Period

¢ Inflation Rate « Internal Rate of

* Depreciation Return

* Net Present Value

* Levelized Cost of
Energy

/ o / N /

* Discount Rate

Sensitivity Analysis to Market Fluctuations

Figure 4. Overview of techno-economic analysis.
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Molten Salt (58% LiCl-42% RbCl)

2.1. Baseline ChHP Coupled SMR System

The schematic of the baseline model used in this study is shown in Figure 5, where a
ChHP is integrated with advanced an SMR to deliver heat to high temperature thermal
industrial processes. This flow sheet shows the major components of the techno-economic
model. The system uses thermal energy from the advanced SMR via molten salt as heat
transfer fluid and delivers it to chemical bed which contains Ca(OH); for the dehydration
process. In the dehydration bed, Ca(OH), decomposes into CaO in an endothermic reaction
liberating water vapor. The molten salt returns back from the dehydration bed and is
reheated in a closed loop. The liberated water vapor from dehydration bed is condensed in
a condenser. At the same time a high-pressure steam from the evaporator is pumped to
chemical bed 2 which reacts with CaO to form Ca(OH), in an exothermic reaction. This is
the hydration step and the temperature in the hydration bed is higher than the temperature
in the dehydration bed. According to Clausius—Clapeyron equilibrium relation, higher
pressure dictates the higher temperature. The heat from the hydration bed is removed
using molten salt which is sent to the high temperature thermal industrial processes. This
salt is again sent back to the hydration bed. This process is a continuous, and once the bed
is dehydrated, it is ready for hydration and vice-versa.

Condenser

Advanced
SMR

>

:,E’Chemical Bed 1
Dehydration

]
&
-

<

>

p-

!
>
(\

L4
<

>

< . <
< Chemical Bed 2 ~»

-]
&

p-2

&

Hydration

)
(:)

S

T

3

High

( Temperature

>

/
A
¢

Thermal
Industries

o
|

Evaporator

Figure 5. Schematic of ChHP coupled with SMR system.

The study focuses on an advanced SMR with a thermal output of 100 MWy, and a
temperature output of 400 °C. The dehydration occurs at 380 °C and during hydration the
molten salt temperature reaches to 650 °C for this study. The conventional light water SMR
operates at 300-325 °C making the reaction kinetics slow due to that reason dehydration
temperature assumed in this study is slightly higher.
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2.2. Assessment of Capital Cost of System

The estimation of advanced SMR cost and ChHP are both required for techno-economic
analysis of the system. Many studies have reported the capital cost of the advanced SMR.
Sabharwall et al. [29] estimated the overnight capital cost (OCC) of SMR of USD4637 /kWe.
Richards et al. [32] estimated the overnight specific capital cost of the molten salt reactors
between USD2000 to USD3846/kWe. A study conducted by MIT [3] assessed the overnight
capital cost for NOAK reactors between USD3797 to USD6880/kW, based on different
design. FOAK SMRs overnight capital costs were projected with 10th-of-a-Kind estimates
in a recent report Stewart et al. [33]. FOAK SMRs can range in price from USD4500 to
USD8500/kW, depending on the reactor type. After ten reactors, the price range can be
reduced to USD3000-USD5000/kW. as per NOAK model. For this study, an overnight cap-
ital cost of USD4637 /kW, is assumed and a parametric study is also conducted assuming
overnight capital cost ranging from USD4500 to USD6500/kW.. According to Boldon [27],
the total specific capital cost (TSCC) can be computed by including the contingency cost
rate (CC), detailed design and engineering cost rate (DD&E) and the overnight capital cost
as shown in Equation (2). For this study, both the cost rates (CC and DD&E) were assumed
to be 5%.

TSCC = OCC(CC + DD&E +1) 2

For the capital cost of Ca(OH), /CaO ChHP, there are no estimates available in liter-
ature. The capital cost of ChHP is estimated using a fundamental bottom-up approach
assuming the reactor to have a shell and tube heat exchanger configuration. The chemical
beds are projected to be the biggest and most costly components in the ChHP system, based
on our earlier work [34]. The cost of the reactor was then estimated from the heat transfer
area requirement. The specific cost of chemical bed based on heat transfer is assumed to
be ranging from USD400-USD600/ft> as per quotation provided by a vendor of the heat
exchange equipment, CG Thermal [35]. The heat transfer area needed for obtaining the
cost was estimated by the approach used in our previous work [34].

The molten salt convective heat transfer resistance, the CaO/Ca(OH), contact resis-
tance, and the CaO/Ca(OH), conduction resistance are used to estimate the overall heat
transfer coefficients for dehydration and hydration reaction. Dittus—Boelter correlations
were used to compute the dehydration and hydration convective heat transfer coefficients.
The heat transport from the reaction steam in the bed via convection and radiation, as
well as tube conduction resistance, is assumed negligible. The thermal conductivity of the
Ca(OH);/CaO was calculated to be between the range of 0.1-0.55 W/mK and for this study
it is assumed to be 0.5 W/mK [11]. Based on Linder et al. [36] work, the contact resistance is
assumed to be 0.147 m?K/kW. After estimating heat transfer area required for a single bed,
the total capital cost of the ChHP chemical bed was calculated by using the Equation (3)
where ny,; is number of total chemical bed and bed; .,s: specific cost of bed based on heat
transfer area (USD/m?) which is assumed to be USD400/ft? [35].

costpeg = AHTNpegbeds cost 3)

The main contributor to the capital cost of the ChHP is the chemical beds. Chemical
bed capital cost was assumed to be 90% of the total purchased cost of the ChHP system,
and other costs included condenser, evaporator, and pump cost, which is assumed to be
within the 10% of the total purchased cost. The purchase price of the equipment is only a
percentage of the entire investment and other costs are involved in the construction of a
facility which are summarized in Table 1. The total capital investment can be calculated
using cost estimates for acquired equipment and expected proportions for each category.
Based on Peters et al. [37], total capital investments were modified for ChHP system and
were adjusted for the total sum to be 100%. Component costs can be estimated based on a
size metric specific to the type of component. There may also be scale factors to account for
materials and operational pressures. The majority of the component costs were estimated
using cost curves from Peters et al. [37], with some data derived from steady-state point
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models from our previous study [34]. Any error in this estimate is considered negligible.
The main contributor to the capital cost of the ChHP is the chemical beds.

Table 1. Total Capital Investment Portion.

Category Assumed Total Capital Adjusted Total Capital
Investment % Investment %

Purchased Equipment 50 46.29
Equipment Installation 10 9.25
Instrumentation 6 5.55
Piping 8 7.40
Electrical 3 2.77
Buildings 2 1.85
Yard Improvements 2 1.85
Service Facilities 8 7.40
Land 1 0.92
Engineering and Supervision 5 4.62
Construction Expenses 5 4.62
Legal Expenses 1 0.92
Contractor’s Fee 2 1.85
Contingency 5 4.62

2.3. Economic Indicator Estimates

To study the techno-economic feasibility of the system described above, the eco-
nomic indicators are evaluated which include payback period (PBP), net present value
(NPV), discounted cash flow rate of return (DCFR), and levelized cost of energy (LCOE) as
explained below.

2.3.1. Payback Period

The payback period (PBP) is the length of time required to recoup the funds expended
in an investment, or to reach the break-even point and is calculated using the following
Equations (4)-(6) where PBP is the payback period, V denotes the fixed capital investment,
A denotes the average yearly cash flow over the project’s lifetime, A; is the annual cash flow
or annuity in year j, N denotes the project’s length in years, s represents sales, ¢y represents
cost, d represents depreciation, ¢ represents the corporate tax rate and j denotes a specific
year [37].

1%
PBP = = (4)
_ 1 XN
A= ﬁ]; A; ®)
Aj = (sj—coj—dj)(1—¢) +d ©6)

Compounding and discounting effects do not apply in this calculation since the pay-
back period does not include the time worth of money. If a proposed investment’s payback
period is smaller than or equal to that of an existing solution for the same application, it
may be worthwhile to pursue. If not, more investigation is required.

The concept of depreciation 4 is based upon the fact that physical facilities deteriorate
and decline in usefulness with time thus, decreasing the values of the facility. There are
several ways to estimate the depreciation rate, of which the Modified Accelerated Cost
Recovery System (MACRS) is used in this study. With MACRS, a recovery period is selected
based on the type of facility and a correlation is applied. These rates are based on average
recovery period by IRS 2021 [38]. For power plants, a 15-year recovery period is commonly
assumed [37].

In this study, the advanced SMR system produces and sells electricity and the com-
bined advanced SMR and ChHP produce and sell both thermal energy and electricity at
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natural gas and electricity prices, respectively. The utility price of thermal energy (heat)
includes carbon tax in addition to the natural gas prices. For the electricity only case, the
annual sales were evaluated using the Equation (7). The heat engine efficiency (1) for
electricity generation was assumed to be 34%. The capacity factor (CF) was assumed to

be 90% based on Sabharwall et al. [29] study. Qgpr is the nominal heat generated by the
advanced SMR and SP, is the selling price of electricity.

s sMr = N-CF-Qgpr-SP.-8760 hrs @)

For the combined advanced SMR-ChHP system, which provides and sells both elec-
tricity and heat to the market, a carbon tax was added to the natural gas prices to estimate
the selling price of heat. The annual sales for the combined advanced SMR-ChHP system
are given by Equation (8) where SPj; is the selling price of heat (combined natural gas and

carbon tax prices), Qcppp,in i the heat rate from SMR to ChHP and QCh HP,out 18 the rate of
thermal out energy from ChHP.

S/, SMR—ChHP = ((H'CF' (QSMR - QChHP,in) 'SPe) + (CF'QChHP,out'SPht)>'8760 hrs (8)

The annual costs are calculated using the Equation (9) where the specific and fixed
cost of operation and maintenance for the advanced SMR are represented by O&Mpec
and O&Myy, respectively. The specific fuel cost of the uranium is represented by Fuelspec.
The values assumed for this study are described in detail in Section 2.4 for different cases
and scenarios.

co = N-Qsumr- (O&Mspec + Fuelspec)-8760 hrs + O&Mix-1 yr 9)

2.3.2. Net Present Value

Net present value (NPV), also known as net present worth, is the difference between
the present value of cash inflows and the present value of cash outflows over the lifetime
of the plant [36]. The ‘present’ year identification is fairly arbitrary, and we choose the first
year of the plant operation to be present. NPV accounts for the time value of money and is
estimated using the following Equation (10).

N Nc
NPV = ) PWF. (A +recj) — ) PWF, Ty (10)
j=1 k=1
PWE.;; = (1+1i) (11)
PWF,; = (1+i)NF (12)

The rec is the cost recovered from salvaged components, T is the investment cost and
N is the construction time in years. Equation (11) represents the present worth factor for the
annual cash flows. This factor discounts future cash flows where i is the discount rate. The
same rate i can be assumed for the present worth factor in Equation (12) which compounds
past investments. Both factors adjust the value of the money from past or future value to
the present value. The cost recovered was assumed to be zero for this analysis.

i:WACC—i-l_l (13)
Tinf + 1

The discount rate i is an interest rate that provides the current worth of future money

as shown in Equation (13) from Boldon [28]. A nominal discount rate includes inflation,

while the real discount rate does not. The assumed inflation rate is expressed as r;,,s and

WACC is the weighted average capital cost, calculated in Equation (14) [28]. The WACC is a

value describing the percentage of capital that must be paid to the investors, so they see the
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expected return on investments/assets. The WACC may be affected by many factors, such
as political and financial risks. C; and C,, represent the rate charged for costs of capital and
equity, respectively. p; and pe, represent the portions of debt and equity for the project.

WACC = (pg x Cg) + (peg X Ceq) (14)

The portion of debt and charge rate of debt were assumed for the analysis. The portion
of equity is just the portion left over that was not financed (1-p,;). The rate charged for cost
of equity is evaluated using the Equation (15) from Boldon [28] where ® is the corporate
tax rate which is assumed.

Ce = Cp(1—¢) (15)

Based on study by Alonso et al. [30] the construction period of 3 years was assumed
and constriction schedule for advanced SMR was assumed to be 60%, 20% and 20% for 1st,
2nd and 3rd year, respectively. ChHP construction schedule is assumed to be 0%, 20% and
80% for 1st, 2nd, and 3rd year, respectively. The project is not considered profitable if the
net present worth is negative. In making the comparisons of the investments, the larger the
NPV, the more favorable the investment.

2.3.3. Discounted Cash Flow Rate of Return

The discounted cash flow rate of return (DCFR) also known as internal rate of return
is the return on investment while considering the time value of money. It is obtained from
an investment in which all the investment and cash flow are discounted [37]. The DCFR is
estimated by setting the net present worth equal to zero and solving for the rate used in the
present worth factors using Equation (16). If the DCFR exceeds the WACC, the project is
considered profitable.

N . N
0=3"[(1+DCFR) 7] (A +rec;) = Y[ (1 + DCFR)™ | %, (16)
j=1 k=1

2.3.4. Levelized Cost of Energy

The levelized cost of energy is the average cost of energy (USD/MW-h or USD
cent/kW-h) produced over the lifetime of the plant and is calculated using Equation
(17) where E; is the energy produced each year. For this study, the LCOE is the combined
cost of total electricity and thermal energy produced. It is also defined as “the discounted
lifetime cost of ownership and usage of a generation asset, transformed into a USD/MWh
equivalent unit of cost of generation”. The energy produced is discounted in LCOE cal-
culations [39]. When comparing different investments or technologies, LCOE is the best
tool to employ as it measures the competitiveness of the technology [39]. Less competitive
technology is characterized by a higher value of LCOE.

Ly PWE(co ) + LR PWE, iy

LCOE = A
Y1 PWEy E;

(17)

2.4. Study Approach and Assessment Scenarios

To study the techno-economic analysis of the advanced SMR and SMR-ChHP systems,
the utility data from U.S. Energy Information Administration (EIA) [40] for six different
regions (California, Northwest, Midwest, Southwest, New England, and PJM) of United
States were used as shown in Table 2. The values were averaged for industrial gas prices
and electricity data for the year 2021.
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Table 2. Utility Data for Different Regions.

Region 2021 Industrial Natural Gas 2021 Electricity Data
Price (USD/MMBtu) (USD/MWh)

California 9.06 66.5
Midwest 6.07 57.7
Northwest 8.15 59.78
New England 9.68 47.75
Southwest 5.62 64.78
PIM 6.67 42.55

For this study, advanced SMR with thermal output 100 MWy, is assumed. For the
techno-economic analysis, different scenarios are considered based on the different thermal
output of ChHP as shown in Figure 6 for an ideal case (CF = 100%). The first scenario is
when the 100 MWy, advanced SMR sells electricity with a power conversion efficiency of
34% is represented as SMR. The second scenario is an NHES where a 100 MWy, advanced
SMR coupled with a 50 MWy, output ChHP with coefficient of performance (COP) of 0.58,
which sells heat, and rest of the energy from SMR sells electricity, which is represented
as NHES-1. In the third scenario, NHES-2, an advanced SMR is coupled with a 10 MWy,
output ChHP, which offers heat and rest of the energy from SMR produces electricity. The
fourth and fifth scenarios where NHES-3 and NHES-4, which include an advanced SMR
coupled with a 5 and 1 MWy, output ChHP, respectively.

1 SMR l
1
I
1
(@) ! SMR 100MW.. [ power Block | 34 MW, Grid :
al (Engine) (Electricity) | |
! [
: n engine= 0.34 |
e e e e e e e e e e m e mm e mmmmmmmmmmmmmmm
I Tt A~ T TTTTT T T T T T E e I
1 (NHES -2 1
: High Temperature : : (C) 17.24 MWy, High Temperature :
: Thermal : : Thermal :
I Industries/Processes | 1 Industries/Processes | 1
i 1 i
I I : 100 MW, I
1 [ :
" V1] SMR '
1 [ 1
1 [ 1
] [ 1
I 1 1
: Gid ) ! Gid ) !
l
! 13.8 MW, (Electricity) ! ! 82.76 MW, (Electricity) !
] lego034 ] NegoZ034 X
[ T T T T e L =7
1 NHES - 3 1 NHES - 4
: (d) 8.62 MWy, High Temperature : (e) 1.72 MW, High Temperature
Thermal 1 Thermal
Industries/Processes Industries/Processes
100 MW, COP=058 COP=0.58
SMR SMR

Power Block
(Engine)

Grid
3za1mw, | (Electricity)
nen,glre= 0.34

91,38 MW, 98.28 MW,

Power Block Grid
(Engine) (Electricity)

Figure 6. Advanced SMR and SMR-ChHP combined scenarios (a) base case SMR generating electric-
ity; (b—e) SMR-ChHP coupled system generating heat and electricity in different proportions.
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For conducting the economic analysis, the economic parameters assumed from the
literature are listed in Table 3. A parametric study based on different overnight capital cost
of advanced SMR, and carbon taxes is also conducted.

Table 3. Parameters Assumed for this Study.

Parameters Assumed Values References
Overnight Cap Cost USD4637 /kWe Sabharwall et al. [29]
Capacity Factor 90% Sabharwall et al. [29]
Lifetime 60 years Sabharwall et al. [29], Alonso et al. [30]
Variable O&M Cost USDO0.486/MWhe Sabharwall et al. [29]
Fixed O&M Cost USD19,500,000/ year Sabharwall et al. [29]
Fuel Cost USDO (included in O&M) Sabharwall et al. [29]
Construction Period 3 (60%, 20%, 20%) Alonso et al. [30]

CO;, Tax USD150/ton Locatelli et al. [41]
Depreciation Variable MACRS Method [37]
Corporate Tax Rate 21% Nuclear Energy Institute [42]

Inflation Rate 1.1% MIT report [3]
Cost of Debt 4% Sabharwall et al. [29]
Debt Portion 30% Sabharwall et al. [29]

3. Results and Discussion

In this study, based on the economic input assumptions the calculated discount rate (i) is
3.552%, the cost of equity is 4.84% and the WACC is estimated to be 4.588%. The ChHP specific
capital cost was estimated as USD4500/kW based on thermal model for baseline system and
CG Thermal [35] specific chemical bed cost assumption. These calculated values were used
to determine the economic parameters and profitability of the different scenarios between
advanced SMR and SMR-ChHP systems.

3.1. Economic Indicators Analysis

Based on the utility prices assumed for six different U.S. regions, economic indica-
tors for SMR, NHES-1, NHES-2, NHES-3, and NHES-4 were evaluated as described in
Section 2.4. Figure 7 shows the NPV values of advanced SMR and SMR-ChHP output
scenarios. All the nuclear hybrid energy systems have higher NPV values then SMR for
every region because of higher sales revenue. As per NPV estimates, it is observed that
selling heat from NHES-1 with a 50 MWy, output is most profitable compared to lower
thermal output ChHP or selling electricity from a 100 MWy, advanced SMR. New England
and PJM regions NPV values of USD162 and USD251.8 million shows the best case for
selling heat for high temperature industrial processes because of their high natural gas and
low electricity prices as per the percentage increase in NPV values compared to an SMR in
their region.

Figure 8 shows the payback period (PBP) of advanced SMR and SMR-ChHP output
scenarios and Figure 9 shows the percentage deviation of PBP for different NHES systems
from advanced SMR values. The New England and PJM regions showed shorter payback
periods of 16.4 and 19.12 years, respectively, NHES-1 makes the most profitable scenario
for selling heat at higher scale whereas for other regions PBP for NHES-1 system were
higher. NHES-2, 3, and 4 showed slightly lower PBP from advanced SMR values in
California, Midwest, Northwest, and Southwest regions. NHES-4 is the most profitable
case in California, Midwest, Northwest, and Southwest regions as the PBP period is the
lowest among NHES-2, 3 and advanced SMR asserting that SMR-coupled with 1 MWy,
ChHP system providing heat and electricity is always more profitable than an advanced
SMR selling electricity only in terms of PBP. The negative percentage deviation in Figure 10
shows the PBP of NHES system is lower than advanced SMR values making system
profitable. Except NHES-1 in California, Midwest, Northwest, and Southwest regions
and NHES-2 in Southwest has positive percentage deviation from SMR values favoring
SMR despite the fact that the ChHP has higher sales income and NPV values, the NPV is
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computed by making an assumption of 60-year plant life, which means after the capital
cost is recovered there are many years to earn a profit.

BMSMR WNHES-1 WNHES-2 ®NHES-3 NHES -4

300 -
250 -
200 -
150 -

100 A

NPV (Million USD)

50 -

California Midwest Northwest New England Southwest PIM
Region

Figure 7. NPV values at different regions for SMR and different SMR-ChHP output scenarios.
BMSMR MWNHES-1 ®mNHES-2 mNHES-3 NHES - 4

30

25

PBP (Year)
= = N
o [§,] o

[0, }
1

o
L

California Midwest Northwest New England Southwest PIM
Region

Figure 8. PBP at different regions for SMR and different SMR-ChHP output scenarios.
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California

PJM Midwest

Southwest Northwest

New England

Figure 9. Percentage deviation of PBP for different NHES scenarios from SMR values.

BMSMR W NHES-1 WNHES-2 ®mNHES-3 NHES - 4

DCFR (%)
o = N w H (8, ] ()] N (o]

California Midwest Northwest New England Southwest PIM
Region

Figure 10. DCER at different regions for SMR and different SMR-ChHP output scenarios.

The DCFR calculations are shown in Figure 10, and all the NHES systems have
DCEFR values greater than WACC asserting the project is acceptable, and then it should be
compared with other accepted scenarios or projects as per Bolden 2015. The DCEFR values
for New England and PJM are significant higher for NHES-1 system compared to advanced
SMR making it the most profitable case for selling heat. Figure 11 shows the percentage
deviation of DCER for different NHES systems from advanced SMR values. The four cases
where DCEFR values of NHES systems are less than advanced SMR values are California,
Midwest and Southwest for NHES-1 system and NHES-2 for southwest system. The DCFR
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analysis also confirmed that SMR-ChHP system is always profitable at different regions
based on different ChHP thermal output scenarios.

DCFR - % Deviations from SMR Values
NHES - 4 NHES-3 ———NHES-2 ——NHES-1

California

PJM Midwest

Southwest Northwest

New England
Figure 11. Percentage deviation of DCFR for different NHES scenarios from SMR values.

The Figure 12 shows the LCOE values for SMR and NHES systems for different
scenarios. The LCOE for advanced SMR is 36.93 USD/MWh whereas the different coupled
SMR-ChHP scenarios have LCOE values 23.85, 36.14, 38.62 and 40.88 USD/MWh for NHES-
1, 2, 3, and 4, respectively. NHES-1 has lower LCOE when compared to advanced SMR
making NHES-1 a better investment as SMR-ChHP system is producing more energy than
advanced SMR and overcomes the cost of the coupled system well. NHES-2 has slightly
higher LCOE value compared to advanced SMR signifying that selling heat and electricity
via coupled system balances out the cost of SMR-ChHP. NHES-3 and 4 have higher LCOE
as the cost of the system does not balances out the energy produced by the coupled system.

SMR

NHES -1 NHES - 2 NHES - 3 NHES - 4

Figure 12. LCOE for SMR and different SMR-ChHP output scenarios.
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Based on the above evaluated economic indicators for different U.S. region, NHES
comparing of SMR coupled with ChHP showed that selling heat to high temperature
industrial process and electricity to the grid makes advanced SMR more profitable and
helps reduce the burning of fossil fuels to produce heat. In California, Midwest, Northwest,
and Southwest it is more profitable to have NHES-3 or 4 compared to NHES-1 and 2 and
advanced SMR based on PBP and DCFR values. Though based on high NPV values NHES-
1 can also be considered. In PJM and New England, NHES-1 is more profitable based on
their utility prices, asserting selling heat at higher scale is more cost-effective and favorable.
Table 4 shows the profitable scenarios where the ChHP coupled system with advanced
SMR would be profitable. As NPV of coupled system is always greater than advanced
SMR, the PBP and DCFR is used to estimate the profitability. If DCFR of NHESs is greater
than advanced SMR and PBP of NHESs is less than advanced SMR then NHESs system
is considered profitable. In the Table below, 1 is most profitable and 5 is least profitable
scenario. The four important factors the which affects the economics the most are: carbon
taxes, overnight capital cost of SMR, ChHP capital cost and thermal conductivity based on
previous work [31]. The sensitivity analysis based on carbon taxes and overnight capital
cost of SMR is mentioned in section below.

Table 4. Table shows the profitable scenarios (1 being most profitable and 5 being least profitable)
based on DCFR and PBP.

Regions SMR NHES-1 NHES-2 NHES-3 NHES-4
California 4 5 3 2 1
Midwest 4 5 3 2 1
Northwest 5 4 3 2 1
New England 5 1 2 3 4
Southwest 3 5 4 2 1
PIM 5 1 2 3 4

3.2. Parametric Study on Overnight Capital Cost of Advanced SMR

To access the economic competitiveness of advanced SMR and different SMR-ChHP
systems, a parametric study on overnight capital cost of advanced SMR was conducted
for the values ranging from USD4500/kW, to USD6500/kW, based on the diverse values
reported in literature. The aim of this parametric study is to assess the effect on NPV
and PBP of the proposed scenarios for different utility prices and U.S. regions. Advanced
SMR, NHES-1 and NHES-2 will be the focus of this study based on results discussed in
Section 3.1.

Figures 13-16 show the NPV and PBP values at different overnight capital cost of
advanced SMR for California, Midwest, Northwest, and Southwest, respectively. As the
overnight capital cost of advanced SMR is increased, the NPV of the SMR, NHES-1 and
2 decreased as expected. The PBP is increased for the SMR, NHES-1 and 2 as the overnight
capital cost of advanced SMR is increased. For California, Midwest, Northwest, and
Southwest regions, NPV of NHES-1 and 2 are still positive and higher than advanced SMR
value when overnight capital cost of advanced SMR is increased from USD4500/kW, to
USD6500/kWe.
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Figure 13. NPV and PBP vs. overnight cost of advanced SMR for California region.
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Figure 16. NPV and PBP vs. overnight cost of advanced SMR for Southwest region.

When the overnight capital cost of SMR exceeds USD5500/kW, and USD6100/kWe, re-
spectively, the PBP for NHES-2 and NHES-1 starts to fall when compared to advanced SMR
in California. Based on utility data from Midwest region, the PBP of NHES-2 and NHES-1
when compared with advanced SMR begins to reduce once the overnight capital cost of
SMR is increased to USD4500/kW, and USD5500/kWe, respectively. The PBP for North-
west region was already less for NHES-1 when compared with SMR for USD4500/kW,
overnight capital cost. When the overnight capital cost is increased to USD4800/kW, the
NHES-1 system had less PBP then advanced SMR. The Southwest region, NHES-1 would
not have lower PBP than advanced SMR based on assumed overnight capital cost. NHES-2
will have PBP lower than advanced SMR once the overnight capital cost is increased to
USD5800/kWe.

Figures 17 and 18 show the NPV and PBP values at different overnight capital cost
of advanced SMR for New England and PJM, respectively. Based on New England and
PJM utility prices, NHES-1 will always have lower PBP when compared with NHES-2
and advanced SMR with increased overnight capital cost though the individual system
PBP value will increase. NPV of both the regions are significantly higher for NHES-1. If
the overnight capital cost is increased above USD5500/kW,. and USD5000/kW, for New
England and PJM, respectively, then NPV of SMR will become negative making SMR not
profitable. In this case, the system will be economically profitable if SMR is coupled with
ChHP and sells heat and electricity.
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Figure 17. NPV and PBP vs. overnight cost of advanced SMR for New England region.
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Figure 18. NPV and PBP vs. overnight cost of advanced SMR for PJM region.

3.3. Impact of Increased Carbon Taxes

In order to accomplish the goal of keeping global temperatures below 1.5 °C by 2030,
which was discussed at COP26, the price of carbon tax should be higher. This tax reduces
emissions by increasing the cost of carbon-based fuels to motivate the switch to clean energy
technologies such as nuclear, solar, wind and hydro sources. Taxes will allow industries to
find the most cost-effective way to reduce emissions. This study was conducted to analyze
the impact of increased carbon taxes on PBP for NHES (SMR-ChHP) systems.

The two different carbon tax rates assumed in this study were USD150/ton (basis of
analysis in Section 3.1) and USD200/ton. Different NHES scenarios are studied for different
U.S. regions because the carbon tax rate impacts the value of heat. All other assumptions
stated in Table 3 were unchanged except carbon tax. As NPVs of the NHES systems were
significantly higher than advanced SMR for all the scenarios and cases, PBP was the focus
of this study. For the California region, the difference in PBP with different carbon taxes are
shown in Figure 19 for the different NHES configurations when compared with advanced
SMR. When carbon tax of USD150/ton was assumed, PBP of NHES-1 increased by 1.4 years
over that for the advanced SMR but as the carbon tax increased to USD200/ton the PBP
decreased by 0.6 years for the same system from that of the advanced SMR. PBPs of NHES-
2, 3, and 4 systems were further lowered than advanced SMR values when carbon tax
was increased from USD150/ton to USD200/ton. Similar trend was followed by Midwest
region as shown in Figure 20 where PBPs of NHES-2, 3 and 4 systems were further lowered
than advanced SMR values when carbon tax was increased. NHES-1 had a 1.65 year longer
payback period than SMR at USD150/ton carbon tax, but this value was decreased by
1 year when the carbon tax was raised to USD200/ton. If difference in PBP is negative, then
the NHES system is more profitable when compared to advanced SMR.

For the Northwest region, the difference in PBP values for NHES-2, 3, and 4 were
further lowered as excepted compared to SMR when carbon tax was increased as shown in
Figure 21. However, the PBP for NHES-1 was 0.35 years higher than SMR for USD150/ton
carbon tax but the PBP was decreased by 1.8 years from SMR when the carbon tax was
increased to USD200/ton. In Southwest region as shown in Figure 22, even after increasing
the carbon tax to USD200/ton, PBP of NHES-1 was still higher than advanced SMR value.
However, PBP of NHES-2, 3, and 4 systems were lowered than SMR values with increased
carbon tax.

The New England and PJM were the two most profitable cases for the NHES-1 system
as per the study described in Section 3.1. Increasing the carbon tax rate has further lowered
the difference in PBP from —5.6 years to —7.5 years and —6 years to —8.6 years from SMR
values for New England and PJM regions, respectively, as shown in Figures 23 and 24.
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Figure 20. Difference in PBP based on increased carbon tax for Midwest region.
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Figure 21. Difference in PBP based on increased carbon tax for Northwest region.
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Figure 22. Difference in PBP based on increased carbon tax for Southwest region.
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Figure 23. Difference in PBP based on increased carbon tax for New England region.
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Figure 24. Difference in PBP based on increased carbon tax for PJM region.

The techno-economic analysis showed that the using ChHP for temperature ampli-
fication of nuclear heat increases the profit by selling heat. Higher overnight capital cost
of advanced SMR favors the coupled SMR-ChHP system. A carbon tax would result in
higher prices for carbon-intensive goods and services, potentially rewarding innovations,
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and investment in clean energy technologies. Higher carbon tax on natural gas benefits the
SMR-ChHP system by increasing NPV and reducing the DCFR and PBP values. A higher
price of carbon emissions will encourage firms and consumers to develop more efficient
clean energy technologies. Some of the countries in Europe started to implement carbon
tax for more than USD100/ton. The US is unlikely to see such high carbon taxes in the near
future, with most proposals seeking to impose carbon taxes around USD25-50/ton. For
future consideration, a techno-economic analysis on hourly utility data for different U.S.
regions will be valuable to understand the combination of electricity and high temperature
heat produced. Further research and development on the ChHP and chemical bed design
are essential to reduce down the specific capital cost of ChHP system. Market analysis on
high temperature industrial power required is necessary to understand the possible scale
of the system. Detailed analysis based on the variable peak demand is needed to divert the
heat to the turbine and to study its effect on the economics of IES.

4. Conclusions

A techno-economic analysis was conducted for an advanced SMR and SMR coupled
with different thermal output ChHP system to determine the profitability of selling heat in
addition to electricity only. The analysis employed electricity and natural gas prices for
six different U.S. regions (California, Northwest, Midwest, Southwest, New England, and
PJM) based on EIA data. For this study, advanced SMR combined with ChHP was referred
as NHES. Advanced SMR with 100 MWy, and four different scenarios of NHES were
considered based on thermal output from ChHP i.e., 50-, 10-, 5-, and 1-MWy,, represented
as NHES-1, 2, 3, and 4, respectively. The NPV, PBP, DCFR, and LCOE were evaluated for
SMR and NHES systems. The economic analysis showed that selling heat and electricity
from SMR-ChHP is most profitable in PJM and New England region based on utility prices
of different regions. The parametric study on increasing overnight capital cost of advanced
SMR indicated selling heat will be economically profitable than only selling electricity
only. Increased carbon tax also resulted in significant improvements in economic indicators
by selling heat. Providing heat to high temperature thermal industries could be a game
changer for nuclear power and help achieve the climate change goal by reducing the
burning of fossil fuel.
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Agr heat transfer area m?

C rate -

CcC contingency cost rate -

CF capacity factor -

o costs UsD

DCFER discounted cash flow rate of return -

DD&E detailed design and engineering rate -

d depreciation rate -

E energy MWh
Fuelspec specific fuel cost USD MW. 1
i discount rate -

k thermal conductivity Wm T K!
LCOE levelized cost of energy USD MW~ h~1
L length m

NPV net present worth usD

N time period yr

n number or magnitude -

O&Mp,  fixed operations and maintenance USD MW, tyr~!
O&Mspec  specific operation and maintenance USD MW, 1
occ overnight capital cost USD kw, !
PBP payback period yr

PWF present worth factor -

p portion -

r rate -

rec recovered cost from salvaged equipment USD

SP selling price of utility USDMW—! h~!
sccC specific capital cost USD kW,

T annual investment usDh

Vv fixed capital investment usD

WACC weighted average capital cost -

Greek Letters

A change or difference -

n first law thermodynamic efficiency -

¢ tax rate -
Subscript/Superscript

bed bed

c construction

of annual cash flow

d debt

eq equity

e electricity

inf inflation

j plant operation year index

k plant construction year index

th thermal

4 investment

Abbreviations

ChHP Chemical Heat Pump

EIA Energy Information Administration

FOAK First-of-a-Kind

GHG Greenhouse gases

IES Integrated Energy System

INRES Integrated Nuclear-Renewable Energy Systems
MACRS  Modified Accelerated Cost Recovery System

NHES Nuclear Hybrid Energy System

NOAK Nth-of-a-Kind

SMR

Small Modular Reactor
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