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Abstract

Low-grade heat recovery has received increasing attention as an essential contributor to improving overall energy uti-
lization efficiency and facilitating the carbon neutrality commitment. Here, we developed a techno-economic analysis
model of converting low-grade heat into electricity and hydrogen via the osmotic heat engine (OHE) and power-to-
gas facility to alleviate the dilemma of lacking practical application scenarios of waste heat. The contribution margin

is optimized in real time by either sending the electricity generated by the OHE into the electrolyzer for hydrogen
production or selling it at market price in Wuhan, China, thus to identify the economically viable OHE costs under dif-
ferent conditions. Results show that the allowed heat engine cost is significantly impacted by the capacity factor,
lifetime and discount rate. The effect of the capacity size of power-to-gas facility on allowed heat engine cost strongly
depends on the hydrogen price. The allowed OHE cost increases with the elevating waste heat temperature for each
heat transfer scenario. The hybrid energy system can be economically competitive compared with current mature
technologies when the waste heat temperature is higher than 68 °C and 105 °C for fluid and air as heat transfer fluid,
respectively. The economically viable heat engine cost is expected to gradually decline from 50,043 ¥/kW to 18,741 ¥/
kW within next 15 years. Incentive policy would boost the economic viability of converting low-grade heat into elec-

tricity and hydrogen.

Keywords Low-grade heat conversion, Electricity generation, Hydrogen production, Energy economics

1 Introduction

It is estimated that around 50% of annual primary energy
consumed is wasted in form of low-grade heat [1]. The
vast low-grade heat discharged into the environment
not only results in the waste of limited fossil energy, but
also induces severe environmental problems [2, 3]. Fur-
thermore, governments world-wide have stepped up
the introduction of policies to tighten taxes and quotas
related to pollution and carbon dioxide emissions, which
would increase the economic pressure on traditional
industries and stimulate the development of projects for
reducing environmental deterioration [4].
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Nowadays, low-grade heat recovery has received more
and more attention as an essential contributor to improv-
ing energy efficiency and reducing carbon emissions [5,
6]. Low-grade heat can be widely obtained from factory
waste heat, solar energy, biomass energy and geothermal
energy [7]. However, due to the dispersive distribution of
low-grade heat and the low temperature difference with
the environment, there are significant technical difficul-
ties in recovering low-grade heat [8, 9]. Organic Rank-
ine cycle (ORC) and Kalina cycle are recognized mature
technologies for converting low-grade heat into elec-
tricity, while the applicable temperature range is usually
above 100 °C and their performance under lower temper-
ature is unsatisfactory due to the little capacity of ultral-
low temperature heat to conduct work from the exergetic
viewpoint [10, 11].

In recent years, osmotic heat engine (OHE) as a novel
heat-to-electricity technology has been proposed and
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extensively studied [12]. The OHE is a closed-loop system
consisting of a thermal separation process for thermally
separating the brackish solution into high and low con-
centration solutions, and a power generation process for
converting the Gibbs free energy of mixing the two solu-
tions with different concentrations into electricity [13]. It
can operate under ultra-low temperature of around 40 °C,
which is superior to ORC and Kalina cycle [3]. Many
efforts have been made on OHE research, highlighting
the configuration optimization [14], working condition
effects [15] and working fluid selection [16]. Olkis et al.
[17] proposed an OHE combining adsorption desalina-
tion (AD) and reverse electrodialysis (RED), the optimi-
zation of salt and material selection is conducted. Zhao
et al. [18] presented two different heat recovery configu-
rations of the AD-RED osmotic heat engine to improve
the thermal separation performance. They also compre-
hensively invstigated the effect of working conditions
such as adsorption time, switching time, working concen-
tration and working fluid mass on an AD-RED osmotic
heat engine [19]. Hu et al. [20] presented an osmotic
heat engine combining multiple-effect distillation (MED)
and reverse electrodialysis (RED) and investigated the
effect of configuration and operation parameters on sys-
tem performance. Results indicated that the increase of
working concentration, operating temperature and MED
effects number contributed to system performance.
An energy efficiency of 1.01% can be obtained with 10
effects and working solution of 5.40 mol/kg NaCl when
operated under a heat source temperature of 80 “C. Long
et al. [21] presented an OHE consisting of membrane
distillation (MD) and RED, an electricity efficiency of
1.15% is achieved with 5 mol/kg NaCl solution by opti-
mizing the relative permeate/feed solution flow rate in
MD. They also conducted a high-throughput computa-
tional screening of high-performance adsorbent for the
adsorption-driven osmotic heat engines [22]. Giacalone
et al. [23] first constructed and tested a fully operation
prototype of a RED-NH,HCO; thermolytic OHE and a
continuous operation of over 55 h indicated the feasibil-
ity of such system. Nevertheless, the research on OHE is
still in theoretical and laboratory testing stages and the
practical application of electricity generated by OHE is
still a knowledge gap and severely limited by intermit-
tent power generation caused by unstable low-grade heat
sources.

One remedy to alleviate the dilemma is to divert sur-
plus electricity generated from OHE to energy storing
products, meanwhile hydrogen as a clean energy is con-
sidered a potential candidate [24]. In addition, hydro-
gen obtained by a Power-to-Gas (PtG) facility, where the
electricity injected into water immediately decomposes
water molecules into oxygen and hydrogen, is carbon free
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and has lower environmental effects than coal gasifica-
tion and reforming as well as steam methane reforming
[25]. However, such electrolytic production of hydrogen
has so far been regarded as too expensive, it is estimated
that the cost of hydrogen production via electrolyzers
is $4.50-7.00/kg considering the cost of electricity and
the efficiency of PtG system [26]. Combining OHE with
PtG facility provides possibility for reducing the cost of
hydrogen production due to the costless low-grade heat.
While the economic feasibility is the key constraint for
the practical application and marketization of this hybrid
system. Extensive research on the techno-economic
analysis of hydrogen production from renewable energy
sources has also been carried out before [27]. Shaner
et al. [28] performed a comparative techno-economic
analysis of renewable hydrogen production with different
solar-based energy systems, the results indicated that the
fundamental limitation of the solar-based hydrogen pro-
duction system is the low capacity factor and high capi-
tal cost. Glenk et al. [29] developed a techno-economic
model of a real-time optimization system combining
wind energy and PtG facility for hydrogen production.
However, unlike the renewable energy technologies
mentioned above, OHE as an emerging technology is
not marketed and detailed information is not available.
Therefore, defining the cost target of OHE is required
for evaluating the economic feasibility of the OHE-PtG
hybrid system.

In this study, we develop a techno-economic analysis
model of converting low-grade heat into electricity and
hydrogen via the osmotic heat engine and power-to-gas
facility. The entire hybrid system consists of an osmotic
heat engine for converting low-grade heat into electricity
and a power-to-gas facility for electrolytic production of
hydrogen. There are two strategies for managing the elec-
tricity generated by OHE at each point in time. It can
either be sold at current market price denoted by p.(¢) or
it can be utilized to produce hydrogen through electroly-
sis equipment. In any given year, the OHE is theoretically
available for 365 days. We then denote
m =24 x 365 =8760 h, where the time ¢ ranges
between 0 and 1 in the continuous time formulation.
However, practical capacity is less than the available
capacity due to the equipment maintenance and the
intermittency of the heat source from renewable energy
or plant waste heat. Therefore, the percentage of practical
capacity out of the available capacity is represented as a
capacity factor CF(t), which is related to the practical
operation of OHE and varies with time. For simplicity
and without loss of generality, several assumptions are
considered: (1) We assume that the installation of OHE
facility is 1 kW, i.e. k,=1 kW. (2) In this study, waste heat
is assumed to be obtained from fossil fuel-fired power
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plant, thus the variable operating cost is considered to be
negligible. (3) and the synergies between the time-variant
electricity price and the intermittent power generation
can be ignored [30]. (4) As the heat source is obtained
from the base-load power plant, time-variant capacity

factor is assumed to be satisfied the following equation
CF(t) = { 0 Scheduled downtime maintenance

and the
average mcapacity
CF = L [CF(t)at.
0

1 Full - load operation

factor can be calculated as

As a novel heat engine, the acquisition cost of OHE is
unknown due to lack of data, the key point of this study
is to identify the cost target under an optimized electric-
ity generation management strategy and different oper-
ating conditions. Here, the OHE-PtG hybrid system is
optimized in real time by either sending the electricity
generated by OHE into the electrolyzer or selling it at
market price. Applying our model to low-grade heat har-
vested from a base-load power plant in Wuhan, China,
and adopting the electricity price standards and incentive
policies in Wuhan, the allowable OHE costs to ensure
that the hybrid system is economically viable under dif-
ferent conditions can be identified.

1.1 Techno-economic analysis model development

1.1.1 Contribution Margins

To maximize the contribution margins of the integrated
system with a given capacity, the key strategy is to opti-
mize the utilization of available capacity in real time
by selling the electricity generated or converting it into
hydrogen. The conversion value per kilogram of hydro-
gen is determined by the selling price of hydrogen and
the variable operating cost, and the conversion rate of the
electrolyser should also be considered. Thus, the conver-
sion value can be expressed as

CVh = n(pnh — wn) (1)

where 1 denotes the conversion rate. p;, and wy, denotes
the selling price and the operating variable cost of per kg
of hydrogen. When the conversion value is higher than
the electricity price, the facility earns a conversion pre-
mium, which can be calculated as

CPy(t) = max {CV}, — pe(£), 0} )

The contribution margin can be maximized by produc-
ing hydrogen when the conversion value is higher than
the electricity price. The contribution margin at time ¢ is
given by

CM(tlkn) = pe(t)CF(£) + CPn(t)z(t]kn) (3)

where z(t|ky) represents the fraction converted by PtG
system from the electricity generated by osmotic heat
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engine, which is the minimum of the practical capacity
of OHE and the peak capacity of PtG facility denoted by
kh' ie.

z(t|ky) = min { CF(¢), kn } (4)

Since the above assumption ignores the synergies
between the time-variant electricity price and the intermit-
tent power generation, the average value of all p.(t)CF(¢)
in the equation then can be directly expressed as p.CF to
determine the average annual contribution margin, where
P, is the average electricity selling price. To obtain the aver-
age contribution margin of the hybrid system, we define
8(t) as the deviation of the time-variant conversion pre-
mium from the average conversion premium, thus

CPp, x 6(t) = CPy(2) (5)

and the average contribution margin can be given by

Mtk = / CM (tlky)dt = peCF + CPy(D)z(ky)
0
(6)
1 m
2y = - / 2(t k)3 ()dt ?)
0

1.2 Levelized cost of electricity and hydrogen production
Levelized cost of electricity (LCOE) seeks to calculate all
cost, including physical assets and resources required of a
plant to deliver a unit of electricity output during the life-
time, which is a common method employed for comparing
the cost effectiveness of different power sources [30]. To
derive the expression for LCOE in present model, the oper-
ating revenue of the standalone osmotic heat engine with
1 kW installation is firstly calculated as

m

Rev; = xi-1 / pe(t) - CE(t)dt (8)
0

where ¥ < 1 denotes the degradation factor representing
the percentage of initial capacity that is still available in
year i.

Since the variable operating cost is considered to be neg-
ligible, the pre-tax OHE operating cash flow in year i can
be given by the difference between operating revenues and
operating cost:

m
CFL? = Revi(t) — F; = xi1 /pe(t) - CE(¢)dt — F;
0

)
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The taxable income in year i is then expressed as the
pre-tax OHE operating cash flow less depreciation

I; = CFL} — SP, - d; (10)

Considering the current corporate income taxes and
value added tax (VAT), the after-tax operating cash
flow in year i is given by

m
CFL; = CFL? — al; — B(Rev; + x~1PS . / CF(¢)dt)
0
(11)
where « and f are the current effective income tax rate
and effective value added tax, respectively. PS denotes
the subsidy for 1 kWh electricity generation. Both sub-
sidy and operating revenue are the income subject to
value added tax.

The standalone OHE system with 1 kW installation is
economically viable if, and only if the present value of
all after-tax operating cash flows in the future is greater
thlan the initial  capacity investment, i.e.
S CFL; - y* > SP..Combining the expressions in above
i=1
equations, the inequality can be restated as

T m

Z 1—a—pit /pe(t) - CE(t)dt — (1 — a)F; + (1 — B)x*1PS - / CF(¢)dt + aSPe - d; |y > SPe

i=1 0
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utilization, then the levelized capacity cost can be

obtained by
SP.
CF-L

Ce = (15)
where we define L = leTzl x'~1y! as the levelization
factor, which represents the total discounted number of
hours available during the entire lifetime. T denotes the
facility’s projected economic lifetime, x'~! is the degrada-
tion factor representing the percentage of initial capac-
ity that is still available in year i. To estimate the present
value of cash flow, we denoted the discount rate by r and
a corresponding discount factor by y = (1 +r)~% SP,
denotes the acquisition cost of the OHE system.

As a novel heat engine, the detailed information of
OHE is not available. It is impossible to obtain the acqui-
sition cost since this technology is not commercialized.
Based on the techno-economic analysis model developed
by Geffroy et al. [31], the acquisition cost of OHE system
can be obtained by the heat exchanger cost plus the heat
engine cost:

(9pCh(p) + ¢Cc())

Pmax

SPe = Cx + Che = + Che (16)

(12)

0

As the average value of all pe(t) - CF(t) in the year i
can be directly expressed as p.CF in this calculation
(see main text of the paper), Subsequently, the inequal-
ity in (12) holds provided

T
m~pe-CFin_lyi
i=1
l—aZd -yl

ZF& vt ——— ~5

1—0(—

+SPe —m - CF-PS- Y &1y’

where Cpy and Cp, are the heat exchanger cost and the
heat engine cost. ¢ and ¢ denote the thermal conduct-
ance (W/K) of hot and cold side of the heat exchanger,
which can be defined as the product of heat transfer coef-

T

1-p

i=1 l-—a—p

where the right hand side of inequality (13) also can be
expressed as

l—aZd yi

l—«o

l—a—

T
i—1,,i
ZFe, ylp— l—a—ﬁ SPe—m~CF-PS~;x A

ficient and the area of the heat exchangers. In this study,
¢ and ¢ are assumed to be equal and ¢ = ¢ = 6 x 10°

1=F _ icoE (14)

- B

The standard definition of LCOE adopts the average
capacity factor rather than hourly fluctuating capacity

W /K. Cpy and Cy, are the cost of the hot-side and cold-
side heat exchanger per unit of thermal conductivity,
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which are dependent of their thermal conductance and
typically decrease with increasing thermal conductance
due to the lager heat exchanger economic scale. Thus, Cy,
and C, can be regarded as the function of thermal con-
ductivity, i.e. C(p) = ag? + ¢, where a, b and c are the fit-
ting parameters related to the material and type of heat
exchanger and the working fluid in heat exchange [31].
The fitting parameters can be obtained based on the data
provided by Engineering Science Data Unit (ESDU) data-
base [32], which is a published database with comprehen-
sive cost data on most common heat exchanger type and
different heat-transfer fluid, and the selection of the com-
bination of heat exchanger and working fluid varies with
operating temperature range. In this study, we discuss
two scenarios based on ESDU database, in which liquid
and air are employed as heat transfer fluids (HTF) at hot
side, respectively, with the heat source temperature rang-
ing from 50 to 200 “C and the ambient temperature of 20
°C. The combinations of heat exchanger and working fluid
and the corresponding fitting parameters in each sce-
nario are summarized in Table 1.

The P, represents the theoretical maximum power
output of the heat engine, Curzon et al. [33] developed a
theoretical model to define the maximum power output of
an internally reversible heat engine and P, ,, of an endor-
eversible engine can be calculated as

WT; = VTo)?

Prax = aff atp

(17)
where T, and T, denote the temperature of waste heat
source and the ambient temperature, respectively. Con-
sequently, the acquisition cost of OHE system can be
given by

(aCh(a) + BCc(B))
SPe = Chx + Che = h (ﬁ_/\g/TC)Zﬂ
aﬁiflﬂs a

+ Che (18)
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To obtained the levelized product cost, the impact of
income taxes, value added tax and the depreciation tax
shield on capacity cost are summarized by tax factor,
which can be calculated as

T
1—ad d;i-y!
; ‘ (19)

A=—"=
l—-a—-p8

where « and B are the effective income tax rate and effec-
tive value added tax. The depreciation tax shield aims for
tax reduction by subtraction depreciation expense from
taxable income. d; is the allowable tax depreciation rate,
as the percentage of initial acquisition cost in year i. Since
the tax service life of the facility is usually shorter than
the estimated economic service life, it is assumed that
d; = 0 for the remaining year. Considering the tax prefer-
ence in China, the income tax is exemptible for the first
three years and half rate reduction for the next subse-
quent three years, and the VAT is exemptible for the first
ten years [34-36].

The tax-adjusted levelized fixed operating cost incurred
per kWh (including maintenance cost, management cost,
insurance cost and labor cost, etc.) can be calculated by
dividing the total fixed operating cost over the lifetime by
the lifetime aggregated output of the OHE facility:

T
FE.. . i

e l—o .l; ei " Y (20)

T 1—-a—-B CFxL

where F¢; is the fixed operating cost of the OHE facility
in year i.

Combining the aforementioned expressions of leve-
lized fixed operating cost and levelized capacity cost, the
expression of the LCOE with out price subsidy can finally
be given by

Table 1 The combination of heat exchanger and working fluid for each scenario

Heat source Waste heat fluid-recovery  Hot-side heat exchanger Cold-side Cold-side  cold-side heat exchanger
temperature  fluid and fitting parameters temperature outlet and fitting parameters
(C) (a,b,c) (C) fuild (a,b,c)
Scenario1  <100°C water-water Plate heat exchanger <100°C water Air-cooled heat exchanger
(517.37,-0.82,0.03) (18,023,-0.9,0.9)
100-175°C organic liquid- organic liquid  Plate heat exchanger
(348.61,-0.75,0.13)
175-200 C organic liquid- organic liquid  Double pipe
(1255.1,-0.74,0.35)
Scenario2  <100°C water-air Shell-and-tube <100°C water Air-cooled heat exchanger
(56,401,-0.87,1.53) (18,023,-0.9,0.9)
100-200°C organic liquid-air Shell-and-tube

(59,043,-0.87,1.58)
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LCOE = f. + Ace (21)

where the subscript e denotes electricity generation, f
is the levelized fixed operating cost, A is the tax factor
reflecting the impact of income taxes, value added tax
and the depreciation tax shield, c is the capacity cost for
1 kWh.

For the PtG subsystem, we construct LFCH to charac-
terize the levelized cost of hydrogen production, which
can be given by

LECH = f, + Acy (22)

where the subscript h denotes hydrogen production. The
levelized capacity cost and fixed operating cost of gener-
ating one kWh electricity can subsequently calculated as

_Sp,

I (23)

Ch

T .
) > Fi- v
- i=1

fh:1—a—,3' L

(24)

where SP;, denotes the acquisition cost of the PtG system
and F,; denotes and fixed operating cost of the PtG sys-
tem in year i.

1.3 Net present values

In China, a subsidy to promote the development of
renewable energy is provided by the government.
Although the research on osmotic heat engines is in its
infancy and not market-oriented, the technology for con-
verting waste heat into electricity satisfies the subsidy
conditions. The price subsidy (PS) per kWh of power
generation is assumed to be based on the subsidy inten-
sity of biomass power generation projects in Wuhan, and
the duration of PS is limited to 15 years. Then the tax-
adjusted levelized subsidy is given by

xl— ,}/l
s = PS=1
p T 4
> xly!

i=1

1-8
l—a—-p8

(25)

With the subsidy taken into account in LCOE, LCOE
can be then redefined as LCOE = f, + Ace — ps. In order
to identify the conditions under which the hybrid sys-
tem has investment value, the overall Net Present Value
(NPV) reflecting unit costs and revenues is employed
and calculated as the present value of future cash inflows
minus the present value of future cash outflows includ-
ing initial capacity investment, subsequent operating cost
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and taxes. Thus, the NPV of the standalone OHE system
can be stated as

NPV(ke = 1)=(1 — a)L(pe — LCOE + ps)CF ~ (26)

and the overall NPV of the hybrid system with capacity
sizes of k,=1 and k;, is expressed as

NPV(ke = 1, k) = (1 — @)L[CM(ky) — (LCOE — ps)CF — LEFCHk]
(27)
It is noticed that Eq. 27 is the same as Eq. 26 when
k,=0. In summary, the standalone OHE system is eco-
nomically viable when NPV (k. = 1) > 0 and the hybrid
system is economically viable when

NPV (ke = 1,k;,) > max {NPV(ke = 1),0}  (28)

1.4 Model validation

The proposed techno-economic analysis model for con-
verting low-grade heat into electricity and hydrogen
is solved via MATLAB. To validate the mathematical
model, the heat exchanger costs of OHE as a function of
the waste heat temperature below 200 C in present cal-
culation are compared with that in the research of Gef-
froy et al. [31], as depicted in Fig. 1. Here, the thermal
conductance of the cold-side heat exchanger ¢ is set as
10° W/K and the ambient temperature is set as 300 K.

2 Results and discussion

The techno-economic analysis model is employed to
identify the economic viable heat engine cost under dif-
ferent situations for low-grade heat utilization. The con-
tribution margin is optimized by sending the electricity
into the electrolyzer for hydrogen production when the
conversion value of hydrogen is higher than the selling
price of electricity. The implementation of time-of-use
electricity price policy in China leads to real-time opti-
mization [37]. As a novel “heat to electricity” technology,
the financial preferential policies on taxes and subsidies
for OHE are pending. We assumed that OHEs enjoy the
same financial benefits as biomass power generation
which are also zero carbon technologies with commercial
scale and the preference of income tax and value added
tax is also applied. The main input variables for following
calculation are summarized in Table 2.

2.1 Current economic viability of low-grade heat
converting

For low-grade heat conversion, it is economically via-

ble when the overall NPV satisfies inequality 17. The

derived maximum allowable heat engine cost corre-

sponds to the maximized LCOE. LCOE is decided by

many factors including economic lifetime of the facility,
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Fig. 1 Heat exchanger Cost validation curve. Comparision of the OHE heat exchanger costs as a function of the waste heat temperature of present

calculation and that of Geffroy et al. [31]

Table 2 The input variables for following calculation

Input variables Values Sources
Economic lifetime, T 30 years [29]
Corporate income tax rate,o 25% [38]
value added tax rate, 8 13% [39, 40]
Degradation factor, x; 0.8% [29]
Discount factor, r 4%

Depreciation rate, d; 5% (20y linear)

Number of hours per year, m 8760

Price subsidy, PS 0.1788 ¥/kWh [41]
Subsidy lifetime 15 years

Capacity factor, CF 0.8

Hot-side thermal conductance,g 6 x 106 W/K

Cold-side thermal conductance ¢ 6 x 10°W/K

Heat source temperature, T 70°C

Ambient temperature, T, 20°C

PtG system price, SPy, 13,259.4 ¥/kW [29]
Selling price of electricity,pe 0.6255 ¥/kWh [37]
Conversion rate of Power-to-Gas, n 0.019 kg/kWh [29]
Selling price of hydrogen,p, 50 ¥/kg

Variable operating costw 0.528 ¥/kg [29]

discount rate and capacity factor. According to our
techno-economic analysis model, LCOE is inversely
proportional to the economic lifetime, which is asso-
ciated with reliability. It also depends on the discount
rate, which reflects the financing cost of the technology.
A higher discount rate elevates LCOE. In addition, the

capacity factor also affects LCOE and higher capac-
ity factor lowers the LCOE. Therefore, a higher heat
engine cost can be tolerated with longer economic
lifetime, lower discount rate and higher capacity fac-
tor. Figure 2 shows the heat engine cost target for mak-
ing hybrid system economically viable as a function of
capacity factor under various discount rate, lifetime of
the facility and PtG capacity size. As seen in Fig. 2(a-
¢), liquid is employed as heat transfer fluids at the
hot side. The allowed heat engine cost decreases with
reduced capacity factor, reduced facility lifetime and
increased discount rate. The allowed heat engine cost
is strictly proportional to the capacity factor, while has
a more complex relationship with lifetime and discount
rate. The effect of lifetime and discount rate on the
allowed cost is more significant under larger capacity
factor. k;, =0 indicates that the low-grade heat is only
converted to electricity via a standalone power genera-
tion system. ki, >0 indicates part of the generated elec-
tricity is further converted into hydrogen. The allowed
heat engine cost decreases with increased k;, under
lower capacity factor, while it increases with increased
ky, under higher capacity factor. This can be attributed
to that the contribution margin under lower capacity
factor is unable to cover the cost of hydrogen produc-
tion, which is proportional to k,. However, as the con-
tribution margin increases with the increasing capacity
factor, the opposite is true. As seen in Fig. 2(d-f), gas
is employed as HTF at the hot side. The allowed heat
engine cost is obviously lower than that with liquid as
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HTE, owing to the much lower cost of heat exchanger
with liquid as HTF.

Figure 3 shows the allowed heat engine cost as a func-
tion of hydrogen price under various PtG capacity size.
Since k=0 indicates that low-grade heat is not converted
into hydrogen, the allowed heat engine cost is independ-
ent of the hydrogen price. Converting low-grade heat
into electricity via a standalone OHE is economically

a

Numerical solution with liquid as HTF

—— k=0 ——k,=0.2
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viable when the cost of heat engine is less than 43,725.3
and 30,169.4 ¥/kW with liquid and gas as HTF, respec-
tively. There exist a critical hydrogen price of 37.5 ¥/kg,
indicating that the overall conversion value of hydrogen
can exactly cover the cost of hydrogen production. It is
independent of kj and heat transfer strategy. When the
hydrogen price is higher than the critical price, elevat-
ing ky, increases the allowed heat engine cost. When the

b

Numerical solution with air as HTF
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Fig. 3 Economically viable heat engine cost and hydrogen price. Allowed heat engine cost as a function of selling price of hydrogen under various

PtG capacity size with liquid as HTF (a) and air as HTF (d)
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hydrogen price is lower than the critical price, elevating
ki lowers the allowed heat engine cost.

When the hydrogen price is higher than 37.5 ¥/kg, the
OHE-PtG hybrid system is economically viable. When
the hydrogen price of is lower than 37.5 ¥/kg, convert-
ing low-grade heat into electricity is more appealing.
In China, the current hydrogen price in the market is
around 60 ¥/kg and the hydrogen price is gradually
decreasing. The allowed heat engine cost with liquid as
HTEF is higher than that with gas as HTF due to the much
lower heat exchanger cost with liquid as HTFE.

According to Eq. 10, the allowable OHE cost is signifi-
cantly impacted by heat source temperature. The heat
exchanger cost per kW decreases with elevating tem-
perature of waste heat, resulting in increasing allowed
heat engine cost. Both the cost and type selection of
heat exchanger are strongly dependent on temperature.
Table 1 summarizes the combinations of heat-transfer
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Numerical solution with liquid as HTF
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fluid and heat exchanger type at different temperatures
for two scenarios, where the selection of heat exchanger
is based on the operation temperature and the lowest cost
for each temperature range. The cost of heat exchanger as
a function of waste heat temperature for both scenarios
can be found in Supplementary Information. Figure 4
(a-b) depicts the impact of waste heat temperature on
allowed heat engine cost under various PtG capacity size
for liquid and gas as heat transfer fluid. The kinks in the
figures correspond to the change of heat transfer fluid
and heat exchanger type depending on different range
of waste heat temperature, and the sudden decrease is
the result of the increasing cost of heat exchangers and
fluids at high temperatures. At a lower temperature, the
allowable heat engine cost significantly increases with
the increasing temperature, while a slowing growth
occurs at a higher temperature. This can be attributed
to that the effect of temperature on heat exchanger cost

b

Numerical solution with air as HTF
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Fig.4 Economically viable heat engine cost and waste heat temperature. Allowed heat engine cost (a-b) and heat engine cost (c) as a function
of waste heat temperature under various PtG capacity size with liquid as HTFand air as HTF
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is more obvious at lower temperature. The allowed heat
engine cost with liquid as HTF is higher than that with
gas as HTF due to the lower heat exchanger cost. The
heat exchanger with gas as HTF has a low heat transfer
coefficient, which requires a lager heat exchanger sur-
face area to achieve the determined thermal conductance
compared with liquid-based heat exchanger. At high tem-
peratures, the indistinctive difference of heat exchanger
cost for the two scenarios reflects the increase in working
liquid cost and corresponding heat exchanger cost under
higher temperature. In fact, the capital cost for different
zero-carbon technologies, such as solar PV and geother-
mal power, are similar. To be competitive with the exist-
ing mature waste heat conversion technology, the capital
cost of geothermal power plants of ¥7920/kW (Conver-
sion to ¥ with average exchange rate of 6.6 ¥/$) is set as
baseline cost target [31]. The dashed line in Fig. 4(a-b)
corresponds to the competitive heat engine cost com-
pared with current mature technologies. It is noted that,
for engines working under low temperatures, the heat
exchanger cost itself is already higher than the target
cost as seen in Fig. 4c and the system is impossible to be
economically competitive. The system can be competi-
tive when the temperature is higher than a certain value,
which is 68 °C for scenario 1 and 105 ‘C for scenario 2.

2.2 Prospects for low-grade heat converting

It is reported that the acquisition cost of the PtG system
will continue to decline in future years. Glenk et al. [29]
performed a univariate regression on a constant elastic
function form to project the electrolysers prices in year
i: SP,(i) = SPL(0)&’. The cost decline rate of polymer

—~

8x10*
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electrolyte membrane (PEM) electrolyser is estimated to
be & = 0.9523. The prices of electricity and hydrogen are
also assumed to decline annually at a constant adjusment
rate of 4 = 98%. With the gradual maturity of OHE tech-
nology, the price subsidy per kWh of power generation
is expected to decrease year by year. It is assumed that
PS is scheduled to decrease linearly from the initial value
to zero at an annual increment of 10%.The trajectory of
the allowed heat engine cost within the next decade can
be obtained as seen in Fig. 5. The solid line represents
the adjustment rate of 2 = 98% for the price of electricity
and hydrogen, and the shaded area surrounded by dot-
ted lines indicates the faster and slower adjusment rate
of 96.5% and 99.5%, respectively. The allowed heat engine
cost continues to decline from 50,043 ¥/kW to 18,741 ¥/
kW within next 15 years. The inflection point for the line
of allowed heat engine cost in 2032 represent the antici-
pated cancellation of price subsidy for OHE to convert
waste heat into electricity.

2.3 Policy implications

For novel and alternative technologies of low-grade heat
utilization, incentive policies assistant non-conventional
energy to get off the ground and have boosting effect
on the commercialization of OHEs. We assume OHEs
receive the same financial benefits as biomass power gen-
eration. A price subsidy of 0.1788 ¥/kWh for 15 years is
applied and the VAT is exemptible for the first ten years.
In addition, OHE technologies comply with the pref-
erential category stipulated by the tax regulations, the
income tax is exemptible for the first three years and half
rate reduction for the next subsequent three years. The

(©))
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o
S
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Fig. 5 Prospects for the hybrid system. Projected trajectory of the allowed heat engine cost within the next 15 years
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Fig. 6 Policy implications. The implications of incentive policy including tax preference and price subsidy

implications of incentive policy including income tax
and VAT preference as well as price subsidy are quanti-
fied in Fig. 6. The incentive policies significantly relax the
allowable heat engine cost and the impact of subsidy is
greater than tax preference. Compared with no incentive
policy, the allowable heat engine cost with tax prefer-
ence and subsidy increased by 71.4% and 133.2% under
the two scenarios of liquid and gas as HTF, respectively.
Here, although the results in present calculation cannot
be directly applied in other countries given the different
levels of investment and policy support for clean energy
technology, the economic model developed in this study
is universally applicable to various regions. It is implied
that incentive policy would provide critical support for
the economic viability of the heat engines for converting
low-grade heat into electricity and hydrogen via the OHE
and PtG facilities.

3 Conclusions

In this study, we employed an osmotic heat engine for
converting low-grade heat into electricity and a power-
to-gas facility for electrolytic production of hydrogen.
A techno-economic analysis model was developed. The
contribution margin is optimized in real time by either
sending the electricity generated by the OHE into the
electrolyzer for hydrogen production or selling it at
market price in Wuhan, China, thus to identify the eco-
nomically viable OHE costs under different conditions.
The results show that (1) The allowed heat engine cost
is strictly proportional to the capacity factor, while has
a more complex relationship with lifetime and discount

rate. (2) The allowed heat engine cost increases with the
elevating hydrogen price and waste heat temperature.
(3) The allowed cost with liquid as heat transfer fluid
is higher than that with gas as heat transfer fluid. (4)
According to the present calculation, the system can be
economically competitive compared with current mature
technologies when the waste heat temperature is higher
than 68 ‘C and 105 C for fluid and air as heat transfer
fluid, respectively. (5) Considering the dynamics of the
electrolyser price, electricity price, hydrogen price and
subsidy intensity, the allowed heat engine cost is expected
to gradually decline from 50,043 ¥/kW to 18,741 ¥/kW
within next 15 years. (6) Compared with no incentive
policy, the allowable heat engine cost with tax prefer-
ence and subsidy increased by 71.4% and 133.2% under
the two scenarios of liquid and gas as heat transfer fluid,
which implies that incentive policy would provide critical
support for compensating the economic disadvantages of
the novel technology in its early stage.

This study provides insights for the practical applica-
tion of applying OHEs with PtG facilities for electric-
ity generation and hydrogen production to alleviate the
instability of low-grade heat source. Our techno-eco-
nomic analysis can also be applied to various heat source
and similar novel heat engines.

Abbreviations

HTF Heat transfer fluids

LCOE Levelized cost of electricity
MED Multiple-effect distillation
NPV Net Present Value

OHE Osmotic heat engine
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ORC Organic Rankine cycle
PtG Power-to-Gas
PS Price subsidy
RED Reverse electrodialysis
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