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Fig. S1 Process flow diagram of TCES systems with separation
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Units
Streams
Components

Reaction units {R1, R2, nR2}

Separation units {V1, nV1}

Storage units {TK1, TK2}

Heat exchangers {E1, E2, E3, E4, E5, E6, nE4, nE5}
Compressor {C1, C2, nC1, nC2}

Inlet streams of unit i

Outlet streams of unit i

Capital recovery factor

Specific heat capacity of component k (J/mol-K)
Reference direct normal irradiance (W/m2)

Average heat transfer coefficient (W/mz2-K)

Minimum approach temperature (K)

CSP plant rated capacity (MW)

Atmosphere pressure (bar)

Gas constant (J/mol:-K)

Reaction enthalpy at reference temperature T° (k] /mol)
Reaction entropy at reference temperature T° (J/mol-K)
Rate of reaction enthalpy changing with temperature (kJ/mol-K)
Rate of reaction entropy changing with temperature (J/mol-K?)
Reference temperature (K)

Daytime operation time (h)

Storage time (h)

Compressibility of component k at pressure P

Collector efficiency

Compressor motor efficiency

plant parasitic efficiency

Collector price ($/m2 mirror aperture)

Receiver price ($/kW;nermai)

Power block price ($/kW)

Storage tank price ($/m3)

Heat exchanger price ($/m?)

Reactor price ($/m?)

Compressor price ($/kW)

Separation price ($/(mTOZ))

Storage media price of component k ($/ton)

Cooling utility price ($/kW-year)

Operation and maintenance ($/kW-year)

Stoichiometric coefficient of component k in the reversible reaction
Reactor holding time (s)

Molecular weight of component k (g/mol)
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Solar field area (m?)

Plant total capital cost ($)

Cooling utility cost ($/year)

Storage tank cost ($)

Heat exchanger cost ($)

Reactor cost ($)

Compressor cost ($)

Separation cost ($)

TCES system cost ($)

TCES storage media cost ($)

Total molar flow rate in stream j (mol/s)

Molar flow rate of component k in stream j (mol/s)

Levelized cost of electricity (¢/kWh)

Operation cost per year ($/year)

Process pressure (bar)

Maximum storage pressure (bar), i € ¥

Minimum storage pressure (bar), i € ITX

Rated power of the compressor for storage tanki (MW), i € I™¥
Heat duty of unit i (kW)

Temperature of stream j (K)

Temperature of uniti (K) defined as its outlet stream T (T; = T}, j = ]iOUT)
Arithmetic mean temperature difference (K) of matched heat exchangers i and i’
Reaction enthalpy at the temperature of reactor i (kJ/mol), i € IR
Reaction entropy at the temperature of reactor i (J/mol-K), i € IR
Volume of storage tank (m3), i € I

Total electricity consumed by compressor per day (MWh/day)
Net electricity generation per day (MWh/day)

Average compressibility of stream j

Split fraction of component k in the outlet stream j of the separation unit
Receiver efficiency

Storage system round-trip efficiency

Day, night and overall turbine efficiency

ns—¢ Overall solar to electricity efficiency
f;pl Split fraction for outlet stream of splitter S1
Cost data
Item Price Item Price Item Price
Collector | A° | 250$/m? Reactor ATxT 6500$/m3 Ammonia 320 $/ton
Receiver | A" | 200 $/kW, | Separation AS€P 200$/(mTOl) Methane | AS™ | 180 $/ton
Turbine | AP | 1200$/kW Heat Ahx 50$/m?3 Ce.lrbf)ne 40 $/ton
exchanger dioxide
Cooling | A“* | 20$/kWyr Pressure 5700$/m?3 comp
vessel Atk Compressor A
0&M 2m | 65 $/kWyr Undergroun 50$/m3 1000 $/kW
d storage




Model Equations

Total molar flow rate

Mass balance
Mass balance
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Mass balance
Mass balance
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Reaction equilibrium
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Unit heat duty
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Heat integration
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C* =Y. sto A (P /200)%4* . viamk  aboveground storage
Storage tank cost 0 wnder tank (5.37)
" =Yiesto A - V%™, underground storage

Storage media cost Com = ¢5te 2 Fiyp - 28" - wg (S.38)
k

Storage system cost CSt0 = CS™ + Ctk 4 C™*1 4 Ch* 4 ceomp 4 csep (S.39)
Capital cost CAPEX = CSt° + 2/ - AREA + A7 - Qgq /0" + AP - PTate /ppara (g 40)
Cooling utility cost CU = 2% [(Qgp + Qgs) - t9% + Qs - t5°]/24 (S.41)
Annual Operation cost OPEX = CC% + prate. jom (S.42)
Daily net electricity

Wele — Prate . (tday + tStO) — W eomp (S. 43)
output
LCOE calculation LCOE = (CAPEX - CFR + OPEX) /(365 - W¢l¢) (S. 44)

S.2 Separation surrogate model

In the ammonia TCES system, a flash tank is used to separate unreacted ammonia from hydrogen and
nitrogen (see Fig. 5(a)). To model the flash tank, we derive the relation of ammonia liquid phase
recovery ({yp,) by fitting the simulation data from ASPEN Plus.

Through ASPEN Plus simulation, 66 sample points are generated by varying the feed stream
ammonia molar fraction (Xyy,) and flash tank temperature (Tg,sn) between 0.1-0.6 and 10-60°C
respectively. Using the sample points, the function {yy, = f (XnH,, Trasn) is fitted through polynomial
regression in Matlab. Before fitting, variables are scaled and centered using standard normalization
(x* = (x — x)/a ). Different polynomial order combinations are tried to decide a relatively simple
and accurate fitting. Fig.S2 shows the sample points and the fitting surface using the fitting function
described as Eqn. (S.47).
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{vm, = 0.84 — 0.095 T* + 0.15 x* + 0.06 T*x* — 0.09 x** (S. 45)



S.3 Detailed optimization results (Case 1)

Table S1. Stream temperature (T) and component molar flow rate (F)

Stream # 1 2 3 4 5 6 7 8 9 10 11 12

T(°C) 251 386 27 17 17 17 349 539 80 17 17 17
Fyp,(mol/s) 34445 21956 21956 21956 1777 836 836 3034 3034 3034 23214 11231
Fy,(mol/s) 392 19124 19124 19124 29319 13789 13789 10491 10491 10491 296 96
Fy,(mol/s) 196 6440 6440 6440 9894 4653 4653 3554 3554 3554 100 96

Stream # 13 14 15 16 17 18 19 20 21 22 23 24

T(°C) 17 17 17 17 17 17 399 80 17 17 17 17
Fyp,(mol/s) 11231 34445 941 941 672 672 8636 8636 8636 614 8022 8022
Fy,(mol/s) 96 392 15530 15530 11093 11093 6844 6844 6844 6775 68 68
Fy,(mol/s) 96 196 5241 5241 3743 3743 6844 6844 6844 6775 68 68

Table S2. Unit temperature, pressure, heat duty and work load (day mode)

Unit R1 R2 TK1 TK2 V1 C1 Cc2 S1 M1
Temperature (°C) 386 539 17 17 1 17 1 17 17
Pressure (bar) 300 300 115-564 188-393 300 300-564 188-300 300 300
Heat duty (MW) 1005 0 0 0 0 0 0 0 0
Work (MWh/day) 0 0 0 0 0 192 32 0 0
Unit El E2 E3 E4 E5 E6
Temperature (°C) 386-27 27-17 17-349 539-80 80-17 17-251
Pressure (bar) 300 300 300 300 300 300
Heat duty (MW) -968 -25 216 -310 -43 753
Work (MWh/day) 0 0 0 0 0 0

Table S3. Unit temperature, pressure, heat duty and work load (night mode)

Unit nR2 nV1 nC1 nC2 nE4 nE5
Temperature (°C) 399 17 17 17 399-80 80-17
Pressure (bar) 300 300 115-300 300-393 300 300
Heat duty (MW) 0 0 0 0 -370 -72
Work (MWh/day) 0 0 140 34 0 0




S.4 Geological map for underground storage

There are three types of underground storage facilities: depleted gas reservoirs, aquifers, and mined
salt caverns. 1 Fig. S3 and Fig. S4 shows the potential geologic underground storage areas around the
word and in the United States.
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Fig. S4 Potential geologic underground storage areas in the United States 3
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S.5 Temperature dependent heat capacity

Fig. S5 shows how the heat capacities of NH;, H, and N, change with temperature at 300 bar. We
note that ammonia has a significant higher heat capacity between 80-300 °C due to the continuous
phase change. To account for the latent heat, we divide the temperature into 3 stages: cold (10-80
°C), warm (80-300 °C) and hot (>300 °C). For each component k, different average heat capacities are
used for each temperature stage (denoted by Cp°'4, Cp™™ and Cp°h).
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Fig. S5 Heat capacities of NH3, H, and N, at 300 bar

We then classify each process stream j into either cold stream (J¢°'¢), warm stream (J¥#™) or hot

stream (J"°%) based on the stream temperature range (see Fig.
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Fig. S6 Classify process streams into cold, warm and hot stream.



ﬂQi

Fe" Fout if
ST Uniti Four ™) jIN g Jeotd jOUT g yhot
A TOUT

Qi = Z FN - Cppt - (TOUT —Thee)  H
%

+ z FJ{N ' Cp?m ' (Thigh - Twam)
k

v

4 Z FéN . Cp}:OId . (Twa?'m _ TH\"}
% Teota Twarm Thot T

Fig. S7 An example of unit heat duty calculation.

For a general unit i, the temperature stage of its inlet and outlet streams are known from the stream
classification. Accordingly, the unit heat duty calculation equation is derived. Fig. S7 illustrates the
heat duty calculation for a unit with cold inlet stream and hot outlet stream.

S.6 Compressibility factor

In our TCES systems, gas products are compressed and stored at high pressure (150-550 bar). To
account for the real gas behavior, we introduce compressibility factors for the calculation of
compression work and storage tank volumes. Fig. S8 shows the compressibility factors of all gas
products at 100 °C (obtained from ASPEN PLUS property database using Schwartzentruber-Renon
equation-of-state). Based on these data, we can calculate the stream average compressibility factor
as a function of stream pressure and composition.
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Fig. S8 Compressibility factor of different components at 100 °C
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S.7 Seasonal variation of solar irradiation

Fig. S9 shows the solar irradiation profile over one day and the performance of our system on an
annual average day, typical summer and winter day respectively. Our plant is sized to support a 24-
hour 100 MW turbine output under average sunlight condition. On a summer day, when the day time
is longer, the turbine can easily maintain the rated output and the compression power is slightly
lower since only 12 hours of storage are now needed. Around 15% solar collection is curtailed
through heliostat defocus, which is what is done in practice. On a winter day, when less solar
irradiation is available, the turbine adjusts to a lower output level, 77 MW to maintain continuous
operation. Although storage for more hours is needed, less compression work is required due to the
reduced turbine output level. Thus, sizing based on an average day is reasonable: it results in
moderate collection curtailments during summer days and lower turbine output levels during winter
days. Sizing for a hot summer day would to unused capacity (and therefore large capital normalized
costs) while sizing based on a winter day would lead to a very restrictive design.
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Fig. S9 Solar resource and CSP plant performance on an annual average, summer and winter day.
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