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Broader context statement:

Growing populations demand efficient and cost-effective sources of food, water, and energy. To quantify
the cost to produce commodities, researchers have developed “levelized cost” metrics, including the
levelized cost of electricity (LCOE), levelized cost of heat (LCOH), levelized cost of water (LCOW), and
levelized cost of ammonia (LCOA). However, these quantities cannot be directly compared, given the
different units of measure. Even LCOE and LCOH, which are both quantified in cost per unit energy, should
not be compared, since one unit of electrical work is not thermodynamically equivalent to one unit of heat
transfer. In this work, we develop a broadly applicable “levelized cost of exergy” (LCOEx) metric. Our
framework allows a direct comparison between the cost of exergy (or “useful energy”) within different
energy sources, chemicals, and foods. Applying the framework to an energy system reveals how the
system’s output is influenced by (i) the LCOEx of the system input, (ii) the exergetic efficiency of the
system, and (iii) the system CAPEX. The framework then indicates which thermodynamic processes have
room for cost reduction, as well as those which are already cost-optimized. Of those with room for
improvement, cost reduction can be achieved by switching to a process that produces the same output with
a cheaper exergy source, improving process efficiency, and/or reducing CAPEX.
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While the levelized costs of electricity and heat have been quantified before, these two metrics cannot be directly compared,

due to the different exergy content of heat and work. To address this, we develop a levelized cost of exergy (LCOEx)

framework that enables direct comparisons between energy sources and processes. We find that moderate- and high-grade

heat have an LCOEx that is comparable to electricity (5 — 10 ¢/kWhex), while low-grade heat sources have much higher
LCOEXx values (> 50 ¢/kWhex). The LCOEXx of a system’s output is affected by (i) the LCOEx of the system input, (ii) the CAPEX
of the system, and (iii) the exergetic efficiency of the system. We use our framework to identify which processes are already

achieved with relatively high cost effectiveness (production of fuels, hydrogen, and ammonia) and which have room for

improvement (dehumidification, food production).

Introduction

As populations grow and urbanization intensifies, it becomes
increasingly important to efficiently and cost-effectively utilize
global energy resources. Low-grade heat, which for the
purposes of this work is defined as heat delivered at
temperatures <150 °C, is used in a variety of applications.'® For
example, steam is used for sterilization,”® food and beverage
processes,1%!! and thermal desalination.1>7” Hot water is used
to heat buildings!®® and regenerate liquid desiccants in
dehumidifiers,2%?! and solar absorbers are used to regenerate
sorbents in atmospheric water harvesting??-24 (AWH) and CO;
direct air capture? (DAC) systems. Low-grade heat is often far
cheaper (per unit energy) than electricity; for example, Gilbert
et al. found that industrial steam (at 150 °C) generated with
natural gas (NG) has a levelized cost of 1.25 ¢/kWhh,%® while
electricity produced by natural gas combined cycles (NGCC)
often has a levelized cost around 6 ¢/kWh..?”:28 Solar- and
waste-heat also seem attractive, given that they have no fuel
cost. However, Geffroy et al. showed that the necessary capital
investment and low conversion efficiency of low-grade waste
heat yield unfavorable economics when using this heat to
produce electricity.! Moderate-grade heat (above 150 °C) has
more potential to generate electricity, in which case Rankine?®
and Organic Rankine Cycles3® have proven cost-effective in
valorizing waste heat. Beyond power generation, a broader
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technoeconomic analysis is needed to evaluate the viability of
different energy sources (from electricity to low-grade and high-
grade heat, hydrocarbon fuels, and more), which is the focus of
the present work.

On a per unit energy basis, heat and electricity cannot be
directly compared. This is because heat has less potential to do
work — not all of the energy transferred via heat is useful, and
some of it must be rejected to the environment in accordance
with the second law of thermodynamics. This has led to the
development of the concept of “exergy”, which is the
theoretical maximum amount of energy that can be converted
to work when a system interacts with a specified reference
environment.31734 The flow of heat carries exergy, but the
amount of exergy within the heat is less than the amount of
energy being transferred. The higher the temperature at which
heat is being transferred, the more exergy there is. In contrast,
electrical energy is fully available as work; i.e., all of the energy
is exergetic. Because low-grade heat sources have
temperatures in the range of 80 — 150 °C, they carry far less
exergy than electricity, so a comparison between the levelized
costs per unit energy (heat or electricity) is not an appropriate
one. Another comparison between heat- and work-driven
systems that is often made in the literature is on the basis of
“specific energy consumption” (SEC), which is defined as the
energy consumption of a system, per unit output.123536
However, for heat-driven systems, the SEC is far greater than
for work-driven systems (for the exergetic-based reasons
explained above). To remedy this, the SEC of the heat-driven
system is often reported as an “equivalent” electric SEC, by
multiplying it with an assumed heat conversion efficiency
(usually around 30%'2). This method is rather imprecise and
does not consider the cost of the different energy sources. Thus,
comparing the SEC (or other efficiency metrics like coefficient
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of performance) of work- and heat-driven systems is also not
appropriate.

Framework

Comparing the thermodynamic and economic performance of
systems on the basis of exergy allows for a direct comparison
across systems with different energy sources. To quantify the
costs associated with a particular exergy source, we introduce
the levelized cost of exergy (LCOEx). The LCOEx quantifies the
lifetime costs to produce exergy in a particular form (e.g.,
chemical exergy within a fuel, exergy transferred via heat, etc.),
divided by the Ilifetime exergy production. The general
expression for LCOEx is given in eqn (1), where CAPEX is the
initial capital cost of the system, OPEX, is the variable
operating cost associated with the system in year n, r is the
discount rate, N is the lifetime of the system (in years), and Ex
is the annual amount of exergy that the system produces. CRF
is the capital recovery factor, which is defined in egn (2).

OPEX
CAPEX + ¥ (T 3730 (1)
LCOEx = CRF x
Ex
r(1+r)V (2)
CRE = (1+mV—1

Generally, every system converts exergy input to exergy
output, with an exergetic efficiency of 1,,. Because the exergy
input has some cost, the OPEX can be broken down into the cost
of the exergy input (e.g., electricity cost), LCOEx;,/Ney, plus all
other OPEX (e.g., maintenance costs), OPEX,,. Then, the output
LCOEXx of a system can be written as shown in eqn (3).

LCOEx;
LCOExXpy = ———™ 4 CRF (3)
ex
N OPEXpyn
5 CAPEX +Zn:1m
Ex

The amount of exergy per unit energy is sometimes referred
to as the “exergy factor”, f..37 For work, the exergy factor is
unity. For heat flow, the exergy factor is simply the Carnot
efficiency, given in eqn (4), where T, is the ambient
temperature and T, is the temperature of the heat being
delivered. Notably, the temperature of heat supplied to a
system will decrease from the source (T =Ts) to the
temperature at which it is delivered to the system (T = Ty),
resulting in a lower exergy factor at the point of delivery than at
the source. For fuels, the exergy factor is simply the ratio of
chemical exergy to heat of combustion.3”

fe= 7 (4)

For any energy source, the LCOEXx is equal to the levelized
cost of energy divided by the exergy factor of the source. For
electricity or mechanical work input, the LCOEx is simply equal
to the LCOE, since the exergy factor of work is unity. For heat,
the LCOEx is equal to the levelized cost of heat (LCOH) divided
by the exergy factor of the heat, which is the Carnot efficiency.
In addition to the LCOEX, this framework compares heat- and
work-driven systems on the basis of “specific exergy
consumption”, X. The specific exergy consumption of a work-
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driven system is equal to the SEC, again becausg_ the exergy
factor of work is unity. Meanwhile, ¥hel0sppéeifieEféxergy
consumption of a heat-driven system is the SEC multiplied by

the exergy factor, which is given in eqgn (5).
T

3 = SEC x (1_T_Z> )

Then, the quantity LCOEx;, X ¥ is the cost of the energy
needed to produce a unit output from the system. For example,
for a desalination plant, LCOEx;, X X is the cost of the energy
needed to produce one cubic meter of fresh water. As expected,
LCOEx;, XX is equal to LCOE;, X SEC for a work-driven
system, but it is also equal to LCOH;, X SEC for a heat-driven
system (since the f, terms cancel out). Furthermore, the
quantity LCOEx;, X X can be rewritten as LCOEXy, X Zyep/Nex,
where X,., is the reversible specific exergy consumption of a
process, and 1., is the exergetic efficiency of the actual system
that achieves said process.

Fundamentally, recasting the output cost in terms of LCOEx
and exergetic efficiency does not change the end result of a cost
analysis. Instead, it allows for more direct comparisons between
two systems producing the same output using different energy
inputs (e.g., work-driven, heat-driven with a high temperature
source, heat-driven with a low temperature source, etc.). By
writing the quantity in this way, the contribution to output cost
can be broken down into three separate contributions: (i) the
cost per unit exergy of the system input (LCOEx;;), (ii) how
exergy intensive the process is (X,¢,), Which is independent of
the system performance and only depends on the
thermodynamics of the process, and (iii) how close the system
gets to the reversible limit (1.,). This formulation is particularly
useful as a litmus test for emerging concepts/processes: even in
the reversible limit (1., = 1), would the process use a high LCOEx
input? Or does it have a high specific exergy consumption? If the
answer to either of these questions is yes, then the unit output
cost will be high.

To visualize how the LCOEx increases when going from
energy input to output of a system (or series of systems), we
introduce an LCOEx Sankey diagram; a generalized version is
shown in Fig. 1. The overall illustration consists of two separate
Sankey diagrams: the top one is for cost (in green), while the
bottom one is for exergy (in yellow). The ratio of cost to exergy
represents the LCOEx. When that ratio is calculated before the
system boundary (left side of the figure), it represents the
LCOEx of the system’s energy source. For example, in the case
of a reverse osmosis (RO) plant, this would be the LCOEx of the
electricity input. For a NGCC power plant, it is the LCOEx of the
NG fuel. When the cost to exergy ratio is calculated after the
system boundary (right side of the figure), it represents the
LCOEx of the system output. For the RO plant example, this
would be the cost per unit exergy of the fresh water produced
by the plant. For the NGCC power plant, it is the electricity
produced. Notably, the LCOEx always increases from system
input to system output, because exergy is destroyed in any real
process. Furthermore, there are costs associated with building
and maintaining the system (CAPEX), which must be added to
the cost of the exergy source. For the LCOEx of the system
output to be as low as possible, the Sankey diagram in Fig. 1

This journal is © The Royal Society of Chemistry 20xx
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reveals that the system should have the following three
attributes: (i) it should utilize an exergy source with a low LCOEX,
(ii) the cost to build and maintain the system itself should be
low, and (iii) the system should have a high exergetic efficiency.
For a system with multiple subsystems, or for multiple different
systems being used in series (e.g., a NGCC power plant
generates electricity which is then used by an RO plant), the cost

and exergy flow can be visualized through each of;the, systems
sequentially, and the LCOEx at different Roint3 li¥heR5F5E643
can be calculated by taking the cost to exergy ratio before and
after each system. The detailed methodology for constructing
these diagrams with the appropriate units is described in
Supplementary Note 1.

System boundary

A Cost of the
This ratio is the exergy input
LCOEXx of the
system input
(exergy source) Amount of
e exergy from
the source

Fig. 1. Generalized LCOEx Sankey diagram.

Because Fig. 1 reveals that the LCOEx of a system’s output
largely depends on the LCOEx of the exergy source, we first
present results for the LCOEx of various exergy sources,
including electricity, high-grade and low-grade heat, fuels, and
food. We then discuss which of these sources are used by
different technologies, as well as the associated exergetic
efficiencies. We then identify which processes and energy
systems stand to benefit the most from switching to lower
LCOEx sources and from exergetic efficiency improvements.
Finally, we demonstrate that electrically-driven systems can
reduce costs in certain cases (due to the relatively low LCOEx of
electricity), while other systems will not benefit from using
electricity as the energy source, due to high capital costs and/or
low exergetic efficiencies.

Results
The LCOEXx of heat

We apply our LCOEx framework first to heat as a source of
exergy. We use the LCOH values that Gilbert et al.?5 calculated
for four different applications (industrial steam at 150 °C, a hot
water heater at 80 °C, ethane cracking at 850 °C, and a glass
furnace at 1200 °C). When NG is used as the heat source (and
the cost of carbon is not considered), Gilbert et al. found the

This journal is © The Royal Society of Chemistry 20xx
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LCOH to be 1.25, 3.52, 3.70, and 5.94 ¢/kWh, for steam, hot
water, ethane cracking, and glass furnaces, respectively.?® In
Fig. 2 we use these LCOH values to plot the LCOEx as a function
of the temperature at which the heat is delivered. For example,
steam generated using NG (in the industrial sector) has an LCOH
of 1.25 ¢/kWhyn. At a temperature of 150 °C, it would have an
LCOEXx of 4.3 ¢/kWhe (from Fig. 2). If that steam were then used
as the energy source to heat feed water in a desalination system
at 80 °C, the delivered heat would have an LCOEx of 8.3
¢/kWhey. Several major findings result from this analysis. First,
electricity is usually a cheaper method of delivering exergy to a
system than low-grade (i.e., < 100 °C) heat. Second, the LCOEx
from industrial steam is on-par with electricity, as is the heat
used in ethane crackers (~ 5 ¢/kWhey) and glass melters (~ 7
¢/kWhey). It is notable that, despite its lower exergy factor,
steam at 150 °C is produced at a lower LCOEx than the high-
grade heat applications. This is due to the lower CAPEX and
higher thermal efficiency of the 150 °C steam boiler,?® giving
electrically-driven heat little margin to compete with NG at
these temperatures. Notably, the curves in Fig. 2 correspond to
the particular assumptions made by Gilbert et al. regarding
capacity factors, exergetic efficiencies, etc. Because these
parameters vary by application and system design, Fig. 2
represents a common, but not comprehensive, range of LCOEx
values for different heat sources.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. The levelized cost of exergy (LCOEXx) of different heat sources, with different levelized costs of heat (LCOH), as a function of the heat
delivery temperature. Curves correspond to LCOH values taken from Gilbert et al.?6 for industrial steam (red curve), hot water heater (orange
curve), ethane cracker (purple curve), and glass furnace (blue curve) with NG as the fuel source. The pink point corresponds to an incredibly
simple (low CAPEX) solar thermal collector (see Supplementary Note 3). The green band corresponds to the range of LCOEx for electricity

from NGCC plants.?®

Fig. 2 reveals that NG-fired hot water heaters produce heat
at relatively high LCOEx values. This is partially due to the low
temperatures of this heat: converting the chemical exergy of NG
to heat at < 100 °C is incredibly exergetically inefficient. This is
also due to the fact that the hot water heater has a higher LCOH
than the steam boiler. The high LCOH and low exergy factor of
low-grade heat lead to LCOEx values in excess of 10 ¢/kWhey at

temperatures < 80 °C. The hot water heater curve in Fig. 2
corresponds to heat as the end product. If creating hot water as
the end product is expensive on a per unit exergy basis, then
providing heat at similar temperatures to drive thermodynamic
processes (e.g., desiccant regeneration) will also be expensive.
Thus, low-grade heat is typically a high LCOEx energy source and
end product; reducing its cost will be challenging. Converting
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high-exergy sources (fuels, electricity) to low-grade heat via
exergetically inefficient methods (combustion, electric
resistance heating) yields expensive low-grade heat. Heat
pumps, whether driven by a fuel (sorption heat pumps) or
electricity (vapor compression) have the opportunity to
produce low-grade heat with a far higher exergetic efficiency
than combustion or electric resistance heating, because they
can convert a small amount of high-grade source energy into a
large amount of low-grade thermal energy. However, further
improvements in heat pump exergetic efficiency and reductions
in CAPEX are required before they can produce low-grade heat
with a low LCOEx. In many locations, current heat pump water
heaters provide heat at a higher LCOH than natural gas water
heaters.?%38 In Supplementary Note 4, we discuss the nuance of
the control volume boundary for a heat pump-driven system.
For steam and hot water, the LCOEx is dominated by the fuel
cost. This prompts the question: would a solar-thermal collector
without a fuel source (thus reducing OPEX) yield a lower cost?
In fact, low-grade solar- and waste-heat have already been
described as “free” in the literature,324% simply based on the
fact that they require no fuel OPEX. Menon et al. performed a
technoeconomic analysis of flat plate solar collectors, with
generous assumptions (i.e., 5.5 hours of 1000 W/m? solar
absorption for 365 days per year, with 50% collector efficiency),
yielding an LCOH of 1.3 ¢/kWh.3¢ Thus, despite having no
OPEX, the solar collector has a nearly identical LCOEx as steam
in Fig. 2, though the solar collector cannot produce heat at the
temperatures that a NG boiler can. We performed a more
detailed analysis of a flat plate solar collector (Supplementary
Note 2) and found that it would have an even higher LCOH than
the one calculated by Menon et al.3® To evaluate if a solar
collector with lower CAPEX could produce heat at a low LCOEX,
we modeled a pipe painted black (Supplementary Note 3). In
this case, the collector produces heat at an LCOH < 1 ¢/kWhyn,
but the heat is delivered at such a low temperature (41 °C) that
it would barely have any exergy, leading to an LCOEx of 17.7
¢/kWhex and a large amount of heat needed to drive

This journal is © The Royal Society of Chemistry 20xx

thermodynamic processes. This dispels the miscongceptionthat
energy systems powered by low-grade H&t \WilP3HEENE et
“for free”, or that these energy sources will be so much cheaper
than electricity that they will enable otherwise impractical
processes.

The LCOEX of fuel and fuels

Beyond heat and electricity, we also provide the cost per unit
exergy of different fuels in

Table 1. Wholesale fuel prices are used for the hydrocarbon
fuels, largely from the same source, so these values represent
market averages (as opposed to the outputs of specific systems
or processes). Because these values are taken from wholesale
prices, the LCOEx in

Table 1 is not a true levelized cost of exergy, but rather the price
per unit exergy to purchase these fuels wholesale and use them
to drive a thermodynamic process. The true levelized cost to
produce these fuels is somewhat lower than the price at which
they are sold wholesale (though in competitive markets the
price approaches the levelized cost*!). Then, the values in
Table 1 should not be seen as the costs per unit exergy at which
these fuels could be produced (which will depend on plant size,
technology type, etc.). Rather, these values represent the price
per unit exergy of the current market, with current production
capacities and technologies.

Notably, NG and coal have the lowest prices per unit exergy
of the fuels we considered (< 2 ¢/kWhey). “Gray” hydrogen,
which is usually produced via steam methane reforming (SMR),
has an LCOEx of 2.60 ¢/kWhex, while “gray” ammonia, produced
from gray hydrogen, has an LCOEx of 8.53 ¢/kWhe. This
represents the costs incurred and exergetic losses that occur
when going from NG (1.37 ¢/kWhey) to hydrogen (2.60 ¢/kWhey)
to ammonia (8.53 ¢/kWhex). The LCOEX of a system’s output will
always be greater than the exergy source, since the system has
other costs (CAPEX and OPEX not associated with the exergy
source), and because some of the exergy will always be
destroyed, as shown in Fig. 1.

J. Name., 2013, 00, 1-3 | 5
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Fuel Reaction Specific Exergy Specific Price LCOEx
(kWhey /kg) (¢/kg) (¢/kWhey)
Natural gas CHs4 + 20, = CO; + 2H,0 14.36% 19.73%3 1.37
Gray Hydrogen H, + %0, - H,0 38.50% 100.0% 2.60
Blue Hydrogen H; + %0, - H,0 38.50* 152.0% 3.95
Green Hydrogen Hz + %0, - H,0 38.50% 550.0% 14.3
Gray Ammonia NHs + %0, - %N, + 1 %H,0 5.5147 47.00%8 8.53
Green Ammonia NH3 + %0, = %N, + 1 %:H,0 5.5147 88.80%° 16.1
Gasoline CgHig + 12 %0, - 8CO; + 9H,0 13.17% 63.76°1 4.84
Diesel CioHa3 + 17 %0, > 12C0, + 11 %H,0  11.74%° 67.3951 5.74
Ethanol CoHgO + 3 %20, - 2C0O; + 3H,0 8.18%2 54.3653 6.65
Jet A-1 Ci1Hz3 + 16 %0, > 11C0O; + 11 %H,0  12.82% 70.00%5°6 5.46
Coal C+0; - CO; 7.31#2 12.78% 1.75
Wood CeH1206 + 90, - 6CO;, + 6H,0 3.5742 25.5758 7.16
Liquid water (Avg.) H20 (1) = H20 (v) 0.015 0.16%° 10.8
Liquid water (Phoenix) H>0 (1) = H20 (v) 0.051 0.11%0 2.07
Liquid water (Atlanta) H>0 (1) = H,0 (v) 0.017 0.2160 12.4

“Blue” hydrogen, which is produced via NG but includes
carbon capture and storage (CCS) to offset emissions, has a
higher LCOEx than gray hydrogen, because of the additional
exergy input and component costs required for CCS. However,
blue hydrogen still has an LCOEx that is relatively low when
compared to electricity. Meanwhile, “green” hydrogen, which is
produced via electrolysis of water, must have an LCOEx greater
than the cost of electricity, because electricity is the exergy
source (input), some of the exergy is destroyed, and additional
costs are incurred (i.e., the cost to build and maintain the
electrolysis plant). Thus, green hydrogen will always be more
expensive than electricity on a per unit exergy basis. Likewise,
green ammonia will always have a higher LCOEx than the green
hydrogen used as the input to the Haber-Bosch process.

We also found that liquid water, which has exergy when the
dead state is that of the water vapor in humid outdoor air (see
Supplementary Note 5), is incredibly cheap per unit mass, but
also has very little exergy per unit mass. As a result, it has a price
per unit exergy of 10.8 ¢/kWhex (in the average case, where the
outdoor air has a relative humidity of 68%). In theory, the
exergy of liquid water could be used to drive locomotion or
generate electricity,®17%3 but the low price of liquid water is
mitigated by its low exergy content, which hinders its potential
in these applications. However, one application in which the
exergy of liquid water has proven valuable is evaporative
cooling.296465 Cooling is used in residential (space cooling for
thermal comfort), commercial (data center cooling) and
industrial (power plant cooling towers) sectors, and cooling via
sub-ambient temperatures requires an exergy source, such as

electricity (for vapor compression refrigeration) or liquid water
(for evaporative cooling). For data centers and power plants,
the value of the exergy provided via sub-ambient evaporative
cooling often outweighs the cost of the exergy input from liquid
water,%¢ hence the ubiquity of evaporative cooling in these
applications.®” In addition to the average LCOEx of water in

Table 1 (which uses the U.S. average residential water
price®® and global median humidity that we found in our prior
work3?), we also provide values for Phoenix and Atlanta, using
local water prices®© and average annual specific exergy (from
TMYx data®8). In drier locations, the specific exergy of water is
higher and (perhaps counterintuitively) the price of water is
often lower,®° leading to a low LCOEx (hence its efficacy as an
exergy source for evaporative cooling in these locations).

To illustrate the utility of this framework beyond energy
systems, consider living beings that also need an exergy source
in order to function: food. The macronutrients in food — protein,
fat, and carbohydrates — contain the exergy that, when
consumed, sustains life. Ozilgen provides the chemical exergy
content of these nutrients: 25.4 MJ/kg for food proteins, 39.6
MJ/kg for food fats, and 17.5 MJ/kg for food carbohydrates.”®
From these values,

Table 2 was constructed, which provides the specific exergy,
price per unit mass, and LCOEx of various foods, based on
current commodity market prices. Wheat, corn, and rice all
have low LCOEx values, contributing to them being the most
widely consumed foods around the world.”! In fact, the LCOEx
of all the crops within
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Table 2 are within the range of the LCOEx of electricity. On
the other end of the spectrum, the LCOEx of a chicken egg is
very high. This is due to the low exergy content of the egg, which
itself occurs because most of its weight is water’? (and water
carries negligible chemical exergy, as seen in

Table 1). The specific exergy of meat is low (as measured per
kg of live animal), while the specific price is rather high, resulting
in meat having a high LCOEx. Milk and butter again reveal the
cost increase when going from an exergy source to an output.

Table 2. Levelized cost of exergy of various foods.

Milk is one of the exergy sources used to create,hutter,cand
because exergy is destroyed and other c8§ts Br&MErrEeLAHe
LCOEx of butter is greater than that of milk. Thus, the LCOEx
framework can be used to determine which foods form the least
expensive means of providing energy (and exergy) to people or
livestock. Notably, our bodies also use water as an exergy
source, but for processes like evaporative cooling, and not
metabolic exergy.

Food Protein / Fat / Carbs in 1 kg of food Specific Exergy Specific Price LCOEx
(g) (kWhey /kg) (¢/kg) (¢/kWhey)
Rice 73/33/76773 4.61 28.5574 6.19
Wheat 137/25/71175 4.70 20.007¢ 4.26
Oats 125/58 /698 77 491 23.7778 4.84
Corn 88/23/6967° 4.26 18.6980 4.34
Soybeans 348 /182 /29481 5.89 38.7982 6.59
Sugar 0/0/996 8 4.84 40.488 8.36
Milk 33/32/468 0.81 40.068° 49.46
Butter 0/815/0°% 8.97 741.688 82.72
Eggs 126/95/7% 1.97 380.7%° 193.2
Poultry 137/5/0 1.02 139.0%1 136.1
Beef 89/7/0 0.70 356.0%2 505.0
Protein Isolate 883/5/26 6.41 236.6% 36.91

Some additional insights can be derived from

Table 2. Focusing on the high LCOEx of animal butter and
protein isolate reveals an opportunity to develop alternative
processes. For example, by leveraging the fact that electricity is
a low-cost exergy source (Fig. 2) and combining it with an
inexpensive carbon source, the LCOEx of fats®* and protein?®>%
can be significantly reduced. The key to the success of such
electrochemical synthetic food production®’ lies in whether it
can scale with sufficiently low CAPEX and high exergetic
efficiency.

An investigation of algae also provides insight into the
viability of certain non-traditional organic materials as fuels
and/or food. The lower heating value of algae is ~ 15 MJ/kg
(4.17 kWh/kg),%® which we approximate as being equal to the
chemical exergy, given that the exergy factor of hydrocarbon
fuels is typically ~ 1.37 The current cost to produce 1 kg of dry
algae is $2.57, while scaleup and locational favorability could
further reduce costs to $0.85/kg.?® Taking the latter value as a
lower bound for cost, algae could approach an LCOEx of 20.4
¢/kWhex. While algae has been proposed as a biofuel,1% this
LCOEXx value is prohibitively high when compared to the fuels in

Table 1. A good source of protein, algae has been proposed
as an affordable and nutrient-dense food source,'9! and its
LCOEXx is closer to parity with the foods in

Table 2. However, it has an LCOEx ~ 2 — 3 X higher than the
mass-produced crops, casting doubt on its viability as an
economically-competitive vehicle for cheap nutrient delivery.
Thus, algae would need a significantly lower specific cost (~
$0.30/kg) or to provide some other benefit (e.g., aquaculture
does not occupy habitable land like agriculture does) to

This journal is © The Royal Society of Chemistry 20xx

compete with a food like soybeans (a similar crop in terms of
nutritional content).

The prices of fuels in

Table 1 and foods in

Table 2 will fluctuate over time and vary with location. Thus,
while we use these data to analyze general trends and provide
benchmarks for the LCOEx of different commodities, these
findings are not universal to every location or application.

Leveraging thermodynamics for economic benefits

Thermodynamically “unfavorable” processes (or in other
words, processes that require significant energy input to
produce a high-exergy output) are limited by the LCOEx of the
exergy input, as well as the specific exergy of the output. Fig. 2
suggests that low-grade heat cannot serve as a significantly
cheaper exergy source than electricity or the fuels in

Table 1. As such, low-grade solar- and waste-heat will not
significantly improve the economics of thermodynamically
unfavorable processes.

However, Fig. 3 illustrates that there are other methods of
leveraging thermodynamics to improve a process’ economics.
Using a chemical exergy input reduces the required energy
input. For example, RO desalination uses seawater as its feed,
while point-source carbon capture uses flue gas. Both of these
feed streams have far higher concentrations (of water and CO,,
respectively), and thus more exergy, than ambient air. Because
much of their exergy input comes in the form of chemical
exergy, RO and point-source carbon capture require far less
energy input than AWH and DAC, respectively. Through the lens
of the LCOEx framework, this means the total input LCOEXx is less

J. Name., 2013, 00, 1-3 | 7
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heavily weighted towards the LCOEx of the energy input. If the
feed streams have a lower LCOEx than the energy source, then
they effectively lower the overall LCOEx of the system input. In
the case of RO and point source carbon capture, the system is
receiving energy (heat or work) and chemical exergy, but it is
only paying for the energy, as shown in Fig. 3. Because of the
lower input LCOEx, desalination can produce water at lower
costs than AWH, while point-source carbon capture can store
carbon at lower costs than DAC.

Likewise, DAC via rock weathering (a recently proposed
method of carbon sequestration192103) yses rocks with chemical
exergy as one of its inputs (along with ambient air).
Furthermore, rock weathering produces an output with less
exergy than conventional DAC. This is because rock weathering
stores carbon as carbonates and/or bicarbonates, which have
far less exergy than the compressed, concentrated stream of

(a)

Lower for RO desalination, ©~ 4
point-source carbon capture, :
rock weathering, (and potentially LCOBXenergy X
sulfur depolarized electrolysis)
Energy

(b) Energy Feed Water

|

1 (RO or AWH)
: - -

1 =
1

|

1

|

L__ I — L S o O Wy = 0
Cost of Water = Cost of Carbon = C

LCOEXyy: X @Xearban)

LCOEX,,: X eXyo0

Energy-& EnvironmentaliScience

CO; that a conventional DAC system outputs.,Thaughostil
hypothetical, this “enhanced” rock weatR&YiAE CoI@IveErsge
thermodynamics to reduce the LCOEx of sequestered carbon.

As another example, sulfur depolarized electrolysis®4-1% s
an alternative method of producing hydrogen that leverages
both of these advantages: it uses a higher exergy
input/feedstock (compared to near-dead state liquid water in
conventional electrolysis) and produces a lower exergy
output/product (co-production of hydrogen with sulfur dioxide
or sulfuric acid; see Supplementary Note 5 for output exergy
calculations).?” Because sulfur depolarized electrolysis co-
produces hydrogen (a precursor to ammonia) and sulfuric acid,
which are both relevant for fertilizer production, it also has the
advantage of distributing the CAPEX over two valuable products
(instead of just hydrogen in conventional electrolysis).

Should be

high-exergy, ™
low-cost

Exenergy mfeed xexfeed

Exenergy * MteeaX EXieed

Feed CO,

Carbon Capture ~ , |
(DAC, Point-Source,
or Rock Weathering)

+HLCOEX;p0q X =

Exenergy % Migeq X EXfeeq

Feed Water
(and S0,)

Energy

Hydrogen Production

I (Conventional or Sulfur I
| Depolarized Electrolysis)
I |
: 1
. |
: I
' I
' I

ost of Prod =
LCOE Xy Xz + o sos)

\ Lower for rock weathering and
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Fig. 3. Leveraging thermodynamics leads to exergetic and economic benefits. The cost of the output/product of a thermodynamic process
is determined by the LCOEX of the input and the specific exergy of the output. Lower output costs can be achieved by using a cheap, high-
exergy feed to lower the input LCOEX, or by switching to a process that produces a low-exergy product.

Opportunities exist for electrically-driven systems to reduce cost

Following our analysis of exergy sources above, we now
demonstrate the utility of the LCOEx framework in comparing
systems that achieve the same process with different exergy
sources. Due to its ubiquity as an energy source, the cost of
electricity is a logical benchmark for LCOEx. Furthermore,
electricity has a very competitive LCOEx compared to other
energy sources (e.g., heat, hydrocarbon fuels, etc., shown in Fig.
2 and

Table 1). One factor that has led to this is the high exergetic
efficiency of NGCC power plants, which first convert the
chemical exergy of NG to high-grade heat and then convert the

8| J. Name., 2012, 00, 1-3

heat to work, all with relatively low exergy destruction. Other
electricity generation technologies must then compete with the
LCOEx of NGCC electricity.

In Fig. 4, the LCOEx framework is applied to a historical
example — desalination — to illustrate how the cost of a
commodity can be reduced. Per eqn (3), the LCOEx of the
system output depends on two quantities: LCOEX;, /Ny, Which
represents the cost to convert the exergy input to output (if the
system CAPEX were zero), and the actual (non-zero) system
CAPEX. In Fig. 4(a), we plot historical desalination cost and
efficiency data (see Methods). The LCOEx of fresh water
produced with desalination is plotted against LCOExyg/Nex,
where LCOExy is the LCOEx of NG (1.37 ¢/kWhey), and 7y is
the exergetic efficiency if NG were used as the primary energy

This journal is © The Royal Society of Chemistry 20xx
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source (i.e., going from NG and saline water to clean water). A
clear trend emerges: the older, heat-driven technology (multi-
stage flash, MSF) was inefficient at converting the chemical
exergy in NG to fresh water, because of losses incurred when
NG is converted to low-grade heat and because of losses in the
heat-driven desalination system itself. This led to a high LCOE
XnG/Mex Value in 1970 (Fig. 4(b)), which in turn caused the
desalinated water to be expensive.

The first major improvement came when an electrically-
driven technology was implemented (mechanical vapor
compression, MVC), because the conversion of NG to electricity
has a higher exergetic efficiency than NG to low-grade heat.
Thus, using electricity as the exergy source improved the overall
NG-to-water exergetic efficiency, which reduced LCOEXx ¢ /N ex-
Upon switching from distillation to MVC, LCOExy,o was

(a) (b)
Chemical Exergy Converted

Fresh Water Produced with Desalination

reduced by less than LCOExy¢ /M.y, indicating that the power
plant + MVC combination had a higher CAPEX R8P thethatifral
gas distillation system.

The next improvement came by increasing the exergetic
efficiency of the desalination process itself, first by switching
from MVC to RO, and then by improving the efficiency of RO
(Fig. 4(c)). This highlights why (i) electricity is a favorable exergy
source compared to low-grade heat, and (ii) processes that are
exergetically efficient through the entire production chain (from
primary energy source to final product) are usually preferable.
This paradigm, revealed by the evolution of desalination, can
serve as a roadmap to improve other processes. The exception,
however, is when CAPEX is too high, which would result in a
higher LCOEx,,;, even with a lower LCOEX,, /Nex-
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Heat-Driven System
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Fig. 4. Comparison of work- and heat-driven desalination. (a) Plot of output (fresh water) LCOEx against the LCOEx of natural gas divided by
exergetic efficiency. Desalination cost and efficiency data from Beltran and Koo-Oshima.%%? (b) Heat-driven system, where a boiler destroys
a large portion of the exergy from the fuel source when producing low-grade steam, and the heat-driven desalination plant destroys
additional exergy, producing little water per unit fuel input. (c) Work-driven system, where the exergy from the fuel source is converted to
electrical work with little exergy destruction, and the desalination plant has a high exergetic efficiency, so it produces a large amount of water

per unit fuel input.

While desalination serves as an exemplary process for
comparing work- and heat-driven technologies in the industrial
sector, air conditioning can be used as a representative process
in buildings. This is illustrated in the Sankey diagrams in Fig. 5.
In Fig. 5(a), NG is used in a highly efficient power plant (61%
exergetic efficiency for NGCC3337) and electricity is transmitted
with little loss (95% exergetic efficiency for transmission®) to a
vapor compression refrigerator, which has an exergetic
efficiency of 11% (Methods). Meanwhile, in Fig. 5(b), NG is used
to directly heat an absorption refrigerator, where much of the
NG chemical exergy is destroyed when converted to low-grade
heat (assumed to be 90 °C!%°), and then most of the remaining
exergy is destroyed because of the relatively low exergetic

This journal is © The Royal Society of Chemistry 20xx

efficiency of the absorption refrigerator (assumed to be 11%,
which is the same as the vapor compression refrigerator).
Similar to the conclusion for desalination, we find that work-
driven refrigeration tends to have a lower LCOEx at the system
output compared to absorption refrigeration, owing to fewer
exergetic losses. If absorption refrigerators were designed to
utilize very high-grade heat (as is used in power plants), then
the overall exergetic efficiencies of vapor compression and
absorption refrigeration would be comparable. However,
engineering residential and commercial technologies to utilize
this high-grade heat is unrealistic and would increase the CAPEX
of absorption refrigeration. Instead, some absorption
refrigerators utilize waste heat in large combined heat and

J. Name., 2013, 00, 1-3 | 9
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power (CHP) plants;'1° despite the low exergy factor of low-
grade waste heat, the economics are favorable when the CAPEX
of the heat exchanger to transfer this heat to the refrigerator is
not too high. In the illustrative example in Fig. 5, it is assumed
that both the vapor compression and absorption refrigeration
systems have a CAPEX of $1000/ton (which is likely a generous
assumption for absorption refrigeration), a lifetime of 10 years,

Ehergy-& EnvironmentaliScience

and a utilization factor of 20% (i.e., they run for 20%,0f theyear)
A discount rate of 7% was used to obt&iAl tRd WVaIReEERYAHE
illustration. The exergetic efficiency of 11% approximately
corresponds to a COP of 4 for vapor compression and 0.7 for
absorption refrigeration when the indoor temperature is 26.7
°C and the outdoor temperature is 35 °C.

(a) NG . Vapor Cempression Refrigeration
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Fig. 5. LCOEx Sankey diagrams for (a) vapor compression and (b) absorption refrigeration. Both systems use natural gas (NG) as the primary
energy source, but the process of converting the chemical exergy within NG to high-grade heat, which is used to produce electricity and drive
vapor compression refrigeration is significantly more exergetically efficient than using NG to produce low-grade heat and drive absorption
refrigeration. This leads to cost benefits for vapor compression refrigeration.

Air conditioning!11-113 (cooling) has seen electrically-driven
systems become the dominant technology (i.e., vapor
compression refrigeration) due to the paradigm mentioned
above — the generation of electricity with high-grade heat is
generally more exergetically efficient and cost-effective than
using low-grade heat to power an absorption refrigeration
cycle. However, the paradigm is somewhat different for heating
in the built environment. As is the case with cooling, it is
generally more exergetically efficient to generate electricity at
a centralized power plant and then use that electricity to drive
a heat pump than it is to burn natural gas to provide the low-
grade heat needed in buildings. However, the low CAPEX of a
NG furnace (compared to a heat pump) and the low cost of NG

10 | J. Name., 2012, 00, 1-3

mean that, in certain cases, the less exergetically efficient
method of burning NG to provide heat in buildings is still the
more cost effective one. In other cases, such as in the southern
U.S., where heating is not often needed and a vapor
compression system is already required for cooling, the heat
pump option may be preferable. In general, the LCOEx of the
output heat of a natural gas furnace can be calculated, and if it
is lower than the local electricity price, then there is no chance
that the heat pump can compete (without subsidies or
incentives). If, however, the LCOEx of the heat from a natural
gas furnace is higher than the LCOEx of electricity, then the heat
pump could be an attractive option (depending on the heat
pump CAPEX and exergetic efficiency).

This journal is © The Royal Society of Chemistry 20xx
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It is important to remember that both the LCOEx of a
system’s energy source and the exergetic efficiency of the
system greatly affect the LCOEx of the system output. Perhaps
no technology better demonstrates this than dehumidifiers.
Currently, the vast majority of dehumidifiers use vapor
compression refrigeration to condense moisture out of the
supply air. This method is driven by electricity, which has a
relatively low LCOEx; however, condensation dehumidification
suffers from a very low exergetic efficiency.14#11> Thus, while
the LCOEx of the energy source is low, the dehumidifier’s low
exergetic efficiency will cause the output LCOEx to be high.
Researchers have explored heat-driven desiccant dehumidifiers
as alternatives,'16117 put the LCOEx of low-grade heat input is
high (Fig. 2), and desiccant systems sometimes have exergetic
efficiencies that are not significantly greater than traditional air
conditioning.'® Thus, there is an opportunity to lower the cost
of dehumidification by creating systems that are driven by low
LCOEx energy sources (such as electricity) but also have
significantly higher exergetic efficiencies than current
(electrically-driven) cold surface condensation dehumidifiers.
Some liquid desiccant-based systems approach this by
regenerating the desiccant with the heat from the condenser
and cooling the supply air with the evaporator.?! Generally, the
LCOEx framework favors this concept: these systems use

This journal is © The Royal Society of Chemistry 20xx
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existing vapor compression components that e already
present in a traditional air conditioner (8&'aVi838/BighiFicant
CAPEX increase), while utilizing electricity as the energy source
(low LCOEx input), and improving the COP over a traditional air
conditioner (higher exergetic efficiency).

Certain processes are more likely to benefit from using electricity
as the input

To understand where an electrically-driven process could
compete with traditional heat- or fuel-driven alternatives, we
present the regime maps in Fig. 6. This can be divided into 3
categories: (i) electrically-driven processes that cannot
compete with conventional (e.g., thermochemical) processes,
even when electricity is incredibly cheap (hydrocarbons and
hydrogen), (ii) electrically-driven processes that can compete
with traditional processes, but only if electricity becomes
incredibly cheap (ammonia, moderate-grade heat), and (iii)
electrically-driven processes that can already compete with
traditional processes (high-grade heat). The regime maps also
indicate whether the output cost of a given process is CAPEX-
limited or efficiency-limited. For example, both green hydrogen
and green ammonia are in the CAPEX-limited regime, such that
improving the exergetic efficiency will have a negligible effect
on cost.
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(either hypothetical or already realized) is plotted against the CAPEX of the electrically-driven system. The red curve COW%&PA’,&‘{LS to a

reversible electrically-driven process, so no electrically-driven system can exist within the shaded red region.

We first discuss the fuels — hydrocarbons (Fig. 6(a)),
hydrogen (Fig. 6(b)), and ammonia (Fig. 6(c)). An electrically-
driven system could produce any of these chemicals with the
molecules present in the atmosphere: water vapor for
hydrogen, CO; for carbon, and air for nitrogen. Alternatively,
liquid water could be used as the hydrogen source, though this
would change the input LCOEXx slightly, given its nonzero cost
and exergy. NG is an incredibly cheap fuel, indicated by its low
LCOEx. An unrealistically low CAPEX would be required to
synthetically produce cost-competitive NG via electricity and
feedstocks at the dead state (i.e., atmospheric) or near-dead
state (i.e., low specific exergy, such as liquid water), even when
electricity is incredibly cheap (1 ¢/kWhe). Jet A-1, the most
common jet fuel,1’® has a higher LCOEx, but it will still be
difficult for electricity to directly produce it at a competitive
cost. A more feasible avenue for electricity to compete with
fuels is as an energy source in the transportation sector (i.e.,
electric vehicles); the regime map for battery electric vehicles is
given in Supplementary Note 6.

Hydrocarbons are also used to produce plastics;
example, ethylene is the feedstock for polyethylene (~ $1/kg
cost!?0 and ~ 12.8 kWhex/kg chemical exergy?!). The question
then arises as to whether the production of plastic feedstocks
could switch to electricity as the energy source and use dead
state hydrogen and carbon (i.e., atmospheric H,O and CO,)
without a significant premium. While the LCOEx of polyethylene
is somewhat more forgiving than NG, it would still require a
relatively low CAPEX, revealing the challenges facing a
hypothetical “electrically-driven atmospheric plastic
production” process as a means of establishing a alternative
plastic supply chain.

Green hydrogen production via electrolysis has been widely
discussed in recent years. However, Fig. 6(b) casts doubt on its
viability as an economically competitive fuel. Assuming an
exergetic efficiency of 65% for electrically-produced hydrogen,
the blue curve indicates the LCOEx of H, produced with cheap
electricity (1 ¢/kWhe). If the electrolyzer CAPEX is $3/W and the
plant operates around the clock (i.e., a capacity factor of unity),
then electrically-produced hydrogen will fail to compete with
both SMR and methane pyrolysis, even when electricity is
cheap. If the electrolyzer CAPEX is only $1.5/W to the levelized
cost of hydrogen, the electrically-produced hydrogen would be
cheaper than methane pyrolysis but still more expensive than
SMR.

Green ammonia (Fig. 6(c)), produced via electrolyzed
hydrogen fed to a Haber-Bosch plant, has also been discussed
as a potential fuel source and fertilizer. To evaluate the former
use-case, the LCOEx of green ammonia should be compared to
the LCOEXx of other fuel sources. To evaluate the latter use-case,
the LCOEx of green ammonia should be compared to that of
grey ammonia. The CAPEX of a green ammonia plant can be
approximated as that of a conventional (gray) ammonia plant,
minus the CAPEX of the SMR portion of the plant, plus the
CAPEX of an electrolyzer to replace the SMR. Thus, the “green

for
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premium” incurred on the ammonia CAPEX is less significant
than in a green hydrogen plant, since it only affects a portion of
the overall plant (and 1 kg of green hydrogen produces 5.63 kg
of green ammonia). Regardless of whether the electrolyzer
CAPEX is $1.5/W or $3/W, green ammonia would be cost
competitive with grey ammonia if 1 ¢/kWh. electricity were
continuously available. This indicates a potential pathway for
green ammonia to serve as a fertilizer. However, firm electricity
at this cost will be difficult to produce. If the cheap electricity is
only available intermittently, the capacity factor of the plant
decreases, which increases the levelized CAPEX. As such, we
have plotted points for a capacity factor of 0.25 (6 h of
operation per day), which are significantly more expensive than
conventionally-produced (gray) Thus, green
ammonia needs both very cheap and firm electricity to avoid a
green premium. Furthermore, given the LCOEx of green
ammonia — between 6 and 10 ¢/kWhex — its use as a fuel source
in the industrial and transportation sectors is not practical. It
would be very cost ineffective to use 1 ¢/kWhex electricity to
produce green ammonia, an exergy/fuel source thatis 6 — 10 X
more expensive than the electricity used to make it, and then
use that ammonia to power some other system. Exergy is lost
and cost is incurred by converting the cheap electricity into
ammonia and then using that ammonia to power another
process. Even green hydrogen, with an LCOEx of 4 ¢/kWhe
(when the CAPEX is $1/kg and electricity is 1 ¢/kWhe) would be
an expensive exergy source relative to the electricity used to
make it. Thus, our framework reveals the exergetic and
economic inefficiencies associated with using electrically-
produced fuels to power different sectors of the economy,
though electrically-produced chemicals do have potential for
other uses (e.g., as fertilizer).

While Fig. 6(a) reveals the significant challenges of using
electricity to produce a cheap, high specific exergy fuel, Fig. 6(d)
reveals a potential opportunity for electricity to produce the
opposite — a more expensive, lower exergy material, such as
protein. Poultry has a relatively high LCOEx, but
electrochemically produced protein would likely not compete
with meats, due to the fact that they are consumed in part for
their taste. Instead, electrically-driven protein production
would compete with protein isolates. Per

Table 2, the specific cost of soybeans is 38.79 ¢/kg, and
there are 348 g of protein per kg of soybean, equating to a cost
of $1.11 per kg of protein. Based on the exergy of protein, this
corresponds to an LCOEx of ~ 16 ¢/kWhey for the protein within
soybeans. However,

Table 2 reveals that soy protein isolate has an LCOEx of ~ 40
¢/kWhey; this increase in cost is due to the exergetic losses and
costs incurred when going from soybean to soy protein isolate.
This high LCOEx of protein isolate gives electrochemistry a
chance to compete, and Fig. 6(d) sets the CAPEX values that
must be met for it to do so. The exergetic efficiency of electricity
to single-cell protein (SCP) biomass is approximated as 4%
based on Wang et al.?> When the system CAPEX is high (> $10/kg

ammonia.
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protein), the exergetic efficiency has little bearing on output
cost. Conversely, if the system CAPEX is low (< $1/kg protein),
the exergetic efficiency has a significant effect on output cost,
while a reduction in CAPEX would yield negligible benefits.

When utilizing intermittent electricity from renewable
energy sources, “firmed” (or consistently available) requires
some form of energy storage. Furthermore, the question
remains as to whether this electrically-driven heat should be
produced via dissipative heating (e.g., resistive heating) or via
heat pumps. In Fig. 6(e) and Fig. 6(f), we investigate the LCOEx
of firmed heat that is produced by an intermittent electricity
source (with an LCOE of 1 ¢/kWhe). In this case, we assume the
electric resistance heater CAPEX is negligible, so we plot the
LCOEXx as a function of the CAPEX of the energy storage system.
Fig. 6(e) reveals that, from an exergetic standpoint, high-grade
heat will be the easiest to switch the exergy source to electricity
(though practical challenges, such as durability at high
temperatures, must be considered). This is because electric
resistance heaters, which have a lower CAPEX than heat pumps,
destroy little exergy when dissipating their electricity as heat at
high temperatures. The combination of low CAPEX and high
exergetic efficiency, and low input LCOEx of electric resistance
heaters will allow the LCOEx of high temperature electric
resistance heaters to approach that of the electricity input.
Electricity at 1 ¢/kWh. would thus lead to incredibly cheap high-
grade industrial heat, but even electricity at 6 ¢/kWhe would be
close to the cost of high-grade industrial heat from NG (~ 5
¢/kWhe). While electrochemical storage has a high CAPEX,
thermal storage could enable low-cost electrically-driven heat if
current cost targets are achieved'?? as the technology readiness
improves. Fig. 6(f) reveals that moderate- -grade heat (150 —
400 °C) will be harder to source via electricity, for several
reasons. First, NG has both lower LCOH and lower LCOEx values
at these temperatures than high-grade heat (due to lower
CAPEX and higher thermal efficiency??). Second, dissipative
electric heaters will destroy far more exergy at these
temperatures. For example, a dissipative heater (whether
electric resistance or microwave) with a thermal efficiency of
unity (the best-case scenario) would only have an exergetic
efficiency of 20% at 100 °C and 55% at 400 °C. Fig. 6(f) shows
that at 200 °C, electric resistance could compete with NG heat,
but only if the cost of intermittent electricity input falls to 1
¢/kWhe. This indicates that the production of moderate-grade
heat via electricity is feasible but difficult. At these
temperatures, the less CAPEX-heavy electric resistance option
has significantly more exergetic losses than when producing
high-grade heat. Meanwhile, the more exergetically efficient
heat pump option leads to a higher CAPEX, and the exergetic
benefits are not as significant as when producing low-grade
heat. So while electric resistance heating can be attractive for
high-grade heat and heat pumps can be attractive for low-grade
heat,38 it is unclear if either option can compete with NG for
moderate-grade heat production.

Conclusions
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The LCOEx framework enables a direct comparisep between
different energy sources, systems, and pro&&ss@sGH/B Tanifdn
basis ($/kWhex). Among different energy sources, electricity
delivers exergy at a relatively low cost, while low-grade heat
does not carry much exergy per unit energy and thus has a
relatively high LCOEx. In the theoretical ideal case, the LCOEx of
a system’s output would be equal to the LCOEx of the energy
source/input, because there would be zero exergy destruction
(reversible) and zero system CAPEX. However, any real system
will have some capital cost and will destroy some of the input
exergy, so the LCOEx of the output will always be greater. This
highlights the importance of designing systems that:

(i) utilize low LCOEx energy sources

(ii) achieve high exergetic efficiency

(iii) have low CAPEX
We use this work to demonstrate the new LCOEx framework,
illustrate its utility through examples, and evaluate the price per
unit exergy of different commodities (chemical fuels, electricity,
water, heat, cooling, and food). Our analysis is not
comprehensive given the wide breadth of processes to which it
can be applied, and future studies can utilize the framework to
analyze different commodities in greater depth.

Applying the LCOEx framework to different processes
reveals which have significant room for improvement and which
are already optimized, with LCOE values used as a benchmark
for LCOEx. The opportunity to reduce cost should, however, be
taken in context of the history of a given technology. For
example, both air conditioning (¥173 ¢/kWhex output per Fig. 5)
and desalination (~70 ¢/kWhex output per Fig. 4) produce
outputs with LCOEx values more than 10 X that of electricity.
This indicates room for improvement, but it is important to
recognize that both processes are already electrically-driven,
and they have experienced more than a century of
engineering.123124 As such, we believe it is unlikely that
drastically higher exergetic efficiencies can be achieved without
a significant increase in CAPEX.

Using the LCOEx metric not as a replacement for other
levelized cost metrics, but rather as a complement to them,
allows for a useful perspective. For example, the levelized cost
of heat, water, hydrogen, ammonia, and energy storage are all
useful metrics in assessing the economic viability of different
energy systems, when compared to systems that produce the
same output. These metrics, however, provide no insight into
how fundamental thermodynamics influence the cost of an
output, based on the cost of the inputs and the efficiency of the
process. By combining conventional levelized cost metrics (i.e.,
the green portion of the Sankey diagram in Fig. 1) with exergy
analysis (i.e., the yellow portion of the Sankey diagram in Fig. 1),
a new perspective on the cost-effectiveness and efficiency of a
thermodynamic process is gained.

The LCOEx framework is also useful in identifying
fundamental cost bounds for different processes. For example,
AWH is limited by the LCOEXx of the exergy input and the specific
exergy of the harvested water. AWH uses exergy sources with
an LCOEx ~ 6 ¢/kWhy (e.g., electricity or heat) and the specific
exergy consumption is high (~ 80 kWhey/m3 for reversible
operation in arid regions per Supplementary Note 5). Thus, even

This journal is © The Royal Society of Chemistry 20xx
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when the CAPEX is negligible, the cost to produce water will be
~ $4.80/m3, a value too high to compete with RO desalination
(~ $1/m3).35 In other cases, the reversible limit is potentially
acceptable; for example, the reversible exergy consumption of
DAC!%5 js ~ 200 kWheyx/ton of CO,, such that the reversible
exergy input accounts for merely $12/ton CO, when the input
LCOEx is 6 ¢/kWhex. However, for processes like DAC, exergetic
efficiencies and CAPEX hinder economic viability. These thermo-
economically constrained processes need to leverage
thermodynamic advantages to either lower the input LCOEx
(e.g., point source carbon capture and hydrogen production via
sulfur depolarized electrolysis!0>196:126,127) or |[ower the specific
exergy of the product (e.g., DAC via enhanced rock weathering).
Otherwise, they will struggle to progress beyond lab-scale
demonstrations and may never see meaningful market
penetration.

Finally, we developed LCOEx regime maps for electrically-
driven systems. By comparing the LCOEx of conventionally-
produced commodities to electrically-driven alternatives, we
identified (i) commodities that electricity would struggle to
produce with cost parity (e.g., fuels), (ii) the CAPEX and
exergetic efficiencies needed for emerging electrically-driven
process (e.g., electrochemical protein synthesis), and (iii) for
which processes electricity already makes sense as the exergy
source (e.g., high-grade heat). We found that electrically-
produced ammonia (specifically for fertilizers) and moderate-
grade heat could reach cost parity if inexpensive electricity (1
¢/kWh,) becomes available, but if this electricity is intermittent
the reduced capacity factor will make these electrically-driven
commodities expensive. Alternatively, we believe that
moderate-grade heat could be electrically-produced with more
expensive electricity if better heat pumps are developed (i.e.,
lower CAPEX and higher exergetic efficiencies), but the margin
for exergetic efficiency improvement that a heat pump presents
over electric resistance heating is smaller at moderate-grade
temperatures than with low-grade heat. Ultimately, while our
analysis reveals the cost-effectiveness of electricity as an exergy
source, further research is required to understand if the CAPEX
and efficiency targets that we present for electrically-driven
systems can be achieved. If these targets prove feasible, then
the technology readiness of these emerging, electrically-driven
processes must be addressed.

Methods

Calculating LCOEx and specific exergy content values in Table 2

The mass of protein, fat, and carbohydrates per kg of corn were
calculated for a moisture content of 15.5%, which is the
standard moisture content for a bushel of corn.28 The mass of
protein, fat, and carbohydrates per kg of soybeans were
calculated for a moisture content of 13%, which is the standard
moisture content for a bushel of soybeans.?® For the protein,
fat, and carbohydrates within wheat, USDA nutrition data for
durum wheat was used, even though common wheat makes up
the vast majority of global wheat production3 (because

This journal is © The Royal Society of Chemistry 20xx

common wheat nutritional information was not given, on.the
USDA website). For eggs, prices are reportéd: if-$Jeozent &md’it
was assumed that 1 dozen eggs weigh 1.5 |bs.

For beef, the hot carcass weight was assumed to be 63% of
the live weight, whereas the boneless trimmed beef weight is
40% of the live weight.131132 The carcass contains fat which is
discarded as a byproduct, and that fat contains some exergy,
though that exergy is not considered in this work. Instead, we
take the nutritional exergy of the boneless trimmed beef for our
LCOEx value of beef in

Table 2. Lean beef consists of 22.3% protein by weight and
1.8% fat by weight.'3® Thus, 8.9% of the live animal weight is
edible protein and 0.72% is edible fat.

For chicken, the edible share of live weight is 60%,32 and of
this meat, 22.8% and 0.9% by weight are protein and fat,
respectively.!3 Thus, of the live animal weight, 13.7% is edible
protein and 0.54% is edible fat.

For protein isolate, the bulk production cost per kg of soy
protein isolate was used,®”® along with soy protein isolate
nutritional data.3*

Historical desalination data

The desalination plot in Fig. 4 was created using historical data
for seawater desalination in Spain, spanning from 1970 to
2005.12197 The primary energy source (e.g., natural gas, coal,
solar, wind) was not given for any of these systems, so it is
impossible to know the true input LCOEx. Instead, we used the
LCOEx of NG as a proxy, and we approximated the hypothetical
NG-to-water exergetic efficiency to make a direct comparison
between the heat- and work-driven technologies. For the heat-
driven system (MSF), it was assumed that the reported SEC in
the dataset was an “equivalent” electrical SEC, which is simply
the thermal SEC multiplied by a factor of 0.3 (the standard
power plant efficiency used to convert thermal SEC values to
electrical SEC in desalination literature!?). Thus, we took the
reported SEC values from the dataset and divided by a factor of
0.3 to return the original thermal SEC (e.g., a reported SEC of 22
kWhe/m?3 for MSF becomes 73.3 kWhi,/m3). It was assumed that
this SEC corresponds to the steam used to deliver heat to the
MSF system; a boiler efficiency of 0.8 was assumed, such that
the steam SEC was divided by 0.8 to return the amount of NG
heat used to produce the steam that was used (e.g., the
calculated steam SEC of 73.3 kWhy,/m3 for MSF becomes 91.7
kWh,/m3). Then, to find the original exergy within the NG, the
exergy factor of 1.03 (which corresponds to NG3?) was used
(e.g., the calculated NG thermal SEC of 91.7 kWhn/m3 for MSF
becomes X = 94.4 kWhey/m3). Then, to find the exergetic
efficiency, the minimum separation exergy for seawater
desalination (~ 0.9 kWhex/m?3) was divided by the exergy input
to find the exergetic efficiency (e.g., £ = 94.4 kWhey/m3
becomes Ney = 9.5%).

For the electrically-driven systems (MVC and RO), the
hypothetical NG-to-water exergetic efficiency was found by first
assuming that the electricity could be generated with a NGCC
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power plant possessing a thermal efficiency of 55% (slightly
lower than the state of the art33). For example, a reported SEC
of 3 kWhe/m?3 for RO becomes 5.5 kWhi,/m?3 of heat from NG
used to generate the electricity needed to drive RO. Then, the
exergy factor of NG37 (1.03) was used to find the original exergy
within the NG used to generate the electricity (e.g., the
calculated NG thermal SEC of 5.5 kWhy,/m3 for RO becomes X =
5.6 kWhex/m3). Finally, the minimum separation exergy for
seawater desalination (~ 0.9 kWhex/m?3) was again divided by
the exergy input to find the exergetic efficiency (e.g., £ = 5.6
kWhex/m3 becomes 1., = 16.0%).

Air conditioning exergetic efficiency

To estimate the exergetic efficiency of air conditioning, we
assumed that the vapor compression system has a COP of 4
(based on current SEER2 standards?®®) at the EER2 standard
testing conditions of 80 °F indoor dry-bulb temperature and 95
°F outdoor dry-bulb temperature.'3¢ At these standard testing
conditions, the reversible COP would be 36. If the actual COP is
4 and the reversible COP is 36, then the exergetic efficiency is
~11%.

CAPEX and exergetic efficiency values in electrically-driven regime
maps
For hydrogen electrolysis, we found that an LCOEx of 14.3
¢/kWhex ($5.50/kg) results when the electrolyzer CAPEX
contributes roughly $2/kg of the levelized cost of hydrogen
(assuming 65% exergetic efficiency during electrolysis and an
input electricity cost of 6 ¢/kWhe). This levelized CAPEX
contribution of $2/kgu, corresponds to an electrolyzer cost of
$3/W (when a discount rate of 7% and electrolyzer lifetime of
14 years are assumed). While this agrees with some existing
literature, 37138 an electrolyzer CAPEX contribution of $1/kg
($1.5/W) is also commonly reported.'3® As such, we provided
results for both values, for both hydrogen and ammonia. For
both ammonia and hydrogen synthesis, we assumed the
exergetic efficiency of electrically-driven synthesis is 65% (given
that the hydrogen to ammonia exergetic efficiency is nearly
unity*#9). For green ammonia plant CAPEX, we assume the NH3
and N, subsystems CAPEX contribute a levelized cost of $0.10
per kg NHs, while the electrolyzer levelized CAPEX in units of $
per kg Hy can be converted into units of $ per kg NHs; by
accounting for the fact that 1 kg of H, produces 5.6 kg of NHs.
For industrial heat, we used a thermal storage CAPEX of
S$5/kWhyh, based on values reported by Rondo for their thermal
storage system.!??2 For electrochemical batteries, we used a
CAPEX value of $100/kWhe, which is typical for current Li-ion
batteries.!4!
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