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1 Model formulation

This model formulation builds on the work of Zhang et al. (2016).

1.1 Mass balances

The general equation for the mass balance of the different processes for a given facility is as
follows:

Qine = Qjni_1 + Bjnt — Sjne + Z pijPine Vi, h,teTy (S1)

In this equation, the amount of resource j stored at time ¢ of season £ is represented by
@m' ne- Brjne and Sy.jp,; denote the amounts of consumed or discharged resource at each loca-
tion. The amount of reference resource produced or consumed is denoted by F,;;. Finally,
the parameter p;; denotes the conversion factor between resource j and the reference resource
of process i.

The production of the reference resource in each process i is limited by the plant capacity:

Piht = mhtC'i Vie {PV, WT}, h, te Th (82)
Pini <mineC; Vie IN{PV,WT}, h,teT} (S3)

The plant capacity is denoted by C;. The parameter 7;x; is used to represent the time-varying
process capacity, for instance, wind or solar generation, where the capacity is not only a func-
tion of the plant size but also of the wind /solar availability. This parameter is calculated using
the solar irradiance/ambient (Sdnchez and Martin, 2018; Hlal et al., 2019) temperature or the
wind velocity (de la Cruz and Martin, 2016) for each time period and location.



The storage capacity C; is an upper bound for the inventory level in those resources with
associated storage.

Qn<C; VjeS hteT, (S4)
Qne=0 Vj¢S hteTy (S5)

The set S consists of all resources that can be stored (battery power, hydrogen and hydro-
genated and dehydrogenated LOHC).

For the specific case of the battery, a minimum level is imposed to avoid problems in the
performance and durability of the unit. In this case, a 15% of the capacity is set as minimum
level of storage.

Qjne 20.15C; Vje{Battery}, h, t €T}, (S6)

There is a maximum value for the capacity (C;"**)for each process involved in the network.

The binary variable z; indicates whether process i is selected in the process network.
C; <C™xy Vi (S7)

In this particular case, the process capacities of the battery charge and discharge must be
the same (both are determined by the battery specifications):

—max

Similarly, there is also a maximum value for the storage capacity denoted by C'; . The
binary variable Z; is equal to 1 if a storage facility for product j is selected.

C;<C;, "z, Vj (S9)

The resource availability is also limited for those resources used as raw materials in the

proposed network (indicated by the set B).

Bjne < B3 VijeB, hteTy (510)
Bjni=0 VYj¢B, hteT, (S11)

Some resources of the network do not have an associated demand (i.e., they are not in the

set .J). Therefore, the outlet flowrate of these species is fixed to 0:

Sine=0 Vij¢J, hteTy (512)

1.2 Mode-based operation

Each of the processes involved can operate in four different operating modes: off, startup, on
and shutdown. The binary variable y;,,: indicates if a process i is operating in a certain mode
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m. If a process is selected, one of the operating modes must be assigned:

Z Yimht = Ti Vi, hv te Th (813)
meM;
The set M; denotes the set of allowed operating modes for process i.
In the particular case of the battery charge and discharge processes, only one of the two
could be in on mode at the same time (it is not possible to charge and discharge the battery

simultaneously):

Z Yimht <1 Vme {ON}, h,te Th (S14)
ie{BC,BD)

The amount of reference resource consumed or produced by process i, P;,:, must be pro-
duced or consumed in one of the different operating modes. The variable P;,,;; denotes the

quantity of reference resource consumed or produced in mode m:

Piht = Z P'L"rnht VZ, h; te Th (815)
meM;

A maximum (C™¥) and minimum (C%*) value for the amount of reference resource pro-
duced or consumed for each mode is introduced:
Ot yimnt < Pimne < Co™ yimne Vi, m e My, by t €T, (S16)
The following constraints are related to the transition between operating modes for the
same process unit. The maximum rate of change within a mode is limited by an upper bound
(Amaxy.
- A?ﬁi"‘ - M@ — Yimht — yimh,tfl) < Pimht - ?imh,t—l

A max a7 . m (817)
SATE+ M (2 = Yimht — Yimh,t-1) Vi,meM;, h,teT)

The binary variable 2. mn: is introduced to indicate that process ¢ switches from mode m
to mode m’ at time ¢. The possible transitions are defined by the following equation:

Z Zim'mh,t-1 ~ Z Zimm'h,t-1 = Yimht — Yimh,t-1
'm’eTiRi m m'ETRi m (Sl 8)

Vi, meM; h,teT

where the set T'R; includes all the possible mode-to-mode transitions for the process i, and
TRip = {m': (m',m) e TR;} and TRim = {m’: (m,m") e TR;}.
A process ¢ must remain for a certain minimum number of time periods (f;mm/) in an

operating mode m before switching to another mode m':

O’

Yim'ht 2 Z Zimm’h,t—k v i; (’ITL, m/) € TRI; hv te Th (819)
k=1



Finally, predefined sequences of modes (from mode m to mode m’ to mode m") for a
process i can be defined, establishing a fixed stay time for each of the modes involved in the

sequence.

. ’ " sl
Z’i’rmn’h,t—éimm,mn = Zim/m’ ht v Z, (ma m,m ) € SQZ) h’a te Th (820)

The set SQ; denotes the set of predefined sequences for process ¢ and O is the fixed stay

time in mode m’ in the predefined sequence.

1.3 Continuity constraints

Continuity constraints ensure the feasible transition between seasons. A cyclic schedule is

imposed; therefore, the initial mode of a season must be the same as the final one.

Yimh,0 = Yimmp 7, V0 M€ My, h (521)
Vi, (m,m') e TR;, h, -0 +1<t<-1 (522)

Zimm'ht = Zimm’h,t+|Th,\

For the transitions between seasons, the state at the final time of one season and at the

initial time of the next season must be the same.

Yimh [T = Yimher0 Vi, meM;, he H|H| (S23)
Zimm/ b t+[Ty| = #émm/ h+1.t

Vi, (m,m') e TRy, he H~|H|, -0™ + 1<t < 1.

(S24)

The storage is allowed between seasons. The following equations determine the change

in inventory levels from one season to the next.

Qi = @jhﬁh\ -Qjno Vije S, h (S25)
@jh,o + 1y Qg = @j,thl,O Vj, heH~|H| (526)
Qjyo + ) Qi = Qjao Vi (S27)

1.4 Objective function

The objective of this work is to meet a given demand for hydrogen and power D; j ; using
the different proposed technologies (including storage).

Sint=Djne Vied, hteTy (S28)



The goal is to minimize the following objective function:

OC:Z Z szimht+zai (0;x; + 7 Cy) +

i meM; h t

= = MWronc
g (QLOHCO,LO + QLOch,l,oMWLOHCU) Crorc,* (S29)

> (@ + B;C5) + Z Z Zh: Zf:fijpijpiht
i g t

jeS
which comprises the costs of production and storage.
The piece-wise linear approximation used to compute the first term of equation (529),
Jimnt, is as follows:

Pinne = Y. (Nimntt (Poni1 = Pim) + Pimawimnn) Vi, m € My, by t (S30)
leL;

Jimne = > (Nimntt (Jimo1 = Jim1) + JimiWimnu ) Vi, me My, hy t (S31)
leL;

Nimntl € Wimntt Vi, meM;, hyt,lelL; (532)

> Wik = Yiee Vi, meM;, bt (533)

leL;

2 Modeling Parameters

The optimization problem incorporates multiple parameters, including the different yields,
maximum capacity constraints, and cost coefficients. For the LOHC systems, two parame-
ter sets are presented to reflect the two systems studied: N-ethylcarbazole (LOHC1) and an
indole-based mixture (LOHC2).



Parameter p; ;

Process  Resource  Yield (kW/kW or kg/kW) Process Resource Yield (kW/kW or kg/kW)
PV Solar -1 FC Heat 7.80278E-01
PV Power 1 C Power -1
WT Wind -1 C Hso -0.277777778
WT Power 1 C Heat 33069.7
BC Power -1 LOHC-H Power -1/-1
BC  Battery power 0.97 LOHC-H H»> -3.26E-03/-2.15E-03
BD Power 1 LOHC-H  Heat -1.53E+00/-2.23E+00
BD  Battery power -1.1494 LOHC-H LOHCO0 -6.81E-02/-5.73E-02
EL Power -1 LOHC-H LOHCn 7.13E-02/5.95E-02
EL Water -4.48263608E-05 LOHC-DH Power -1/-1
EL Ha 5.12612885E-06 LOHC-DH Hs 1.58E-03/1.62E-03
FC Power 1 LOHC-DH Heat -4.99E+01/-6.27E+01
FC Hs -1.63859E-05 LOHC-DH LOHCO0 3.30E-02/4.35E-02

LOHC-DH LOHCn

-3.46E-02/-4.52E-02

3 3 max
Maximum process capacity C;

Process Cma% (area or kW) Process C7"*" (area or kW)
PV 5% of total area of the region FC 220000
WT 5% of total area of the region C 10
BC 10000 LOHC-H 700/1100
BD 10000 LOHC-dH 3000/3000
EL 1000000.0




Maximum storage capacity e

Resource T (K] or kg)
Battery 3.6e8
Ho le6
LOHCO 1.23e8/1.23e8
LOHCn 1.23e8/1.23e8

Process capital cost contribution J;, ;

Resource 6; MMS$)  ~v; (MM$ / area or MM$/kW)

PV 0.0001 1.24216E-04
WT 0.0001 4.91000000E-04
BC 0 0
BD 0 0
EL 17.72062345 0.00161936
FC 9.4377e-2 1.9593e-3
C 0.3753 2.8024
LOHC-H 0.5144/0.5089 0.0022/0.0014
LOHC-DH 0.5191/0.5353 0.0024/0.0014

Storage capital cost «;, 3;

Resource a; ($) Bi (3/Kk] or $/kg)

Battery 0 0.07111

H» 0.0001 500

LOHCO 0.0001/0.0001  0.137/0.152

LOHCn 0.0001/0.0001  0.160/0.152




Piece-wise linear approximation P;,,;, Jim:

Resource (kW) (MM$/year) Resource (kW) (MM$/year)
PV 0 0 EL 2000000 -25.57117624
PV 5.00E+09 0 FC 0 0
WT 0 0 FC 220000 19.25
WT  5.00E+09 0 C 0 0
BC 0 0 C 10 0
BC 10000 0 LOHC-H 0 0
BD 0 0 LOHC-H 700/1100 3.9282/4.0399
BD 10000 0 LOHC-DH 0 0
EL 0 0 LOHC-DH 3000/3000 1.9446E-01/3.6887E-01

Storage O&M cost ¢;

Resource &; ($/k]J or $/kg)

Battery 83.3333 e-9

0
LOHCO 0
LOHCn 0

3 Operating Results

The scheduling results have been presented for three specific locations among the provinces
of mainland Spain. For the electricity scheduling of the LOHC1 (N-ethylcarbazole), the re-
sults for Cérdoba have been presented. Here, the results for the provinces of A Corufia and

Guadalajara are also shown.
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Figure S1: Electricity scheduling results in the province of A Corufia for the system with

N-ethylcarbazole as LOHC
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Figure S2: Electricity scheduling results in the province of Guadalajara for the system with

N-ethylcarbazole as LOHC

For the electricity scheduling of the LOHC2 (indoles mixture), the results for A Corufia
have been presented. Here, the results for the provinces of Cérdoba and Guadalajara are also
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shown.
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Figure S3: Electricity scheduling results in the province of Cérdoba for the system with
indoles mixture as LOHC
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Figure S4: Electricity scheduling results in the province of Guadalajara for the system with

indoles mixture as LOHC

For the hydrogen scheduling of the LOHC1 (N-ethylcarbazole), the results for Guadalajara
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have been presented in the manuscript. Here, the results for the provinces of Cérdoba and A
Corufia are also shown.
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Figure S6: Hydrogen scheduling results in the province of A Corufia for the system with

N-ethylcarbazole as LOHC
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For the hydrogen scheduling of the LOHC2 (indoles mixture), the results for A Corufa are
presented in the manuscript. Here, the results for Cérdoba and Guadalajara are also shown.
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Figure S7: Hydrogen scheduling results in the province of Cérdoba for the system with
indoles mixture as LOHC
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Figure S8: Hydrogen scheduling results in the province of Guadalajara for the system with
indoles mixture as LOHC
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Nomenclature

Indices / sets/ subsets

B resources use as raw material of the network

B resources with a maximum annual availability

h e H seasons in the multiscale time representation

iel processes evaluated in the power to fuel network

jedJ resources involved in the network

J product with associated demand

le L segments in operating cost piecewise-linear approximations
L; segments in piecewise-linear approximation

m € M operating modes for each of the process

M; operating modes for a process

S resources that could be stored

teT time periods in the multiscale time representation

T;  time periods in season h

TR, mode transitions to reach mode m

TRi,» mode transtions to progress from mode m

TR; predefined sequences of mode transitions

Parameters

7;“” maximum annual resource than can be consumed
crex maximum production capacity

éznax maximum storage capacity
(max maximum production in a given mode
Cmin minimum production in a given mode
Dpower,h,t power demand
jiml operating cost for piecewise-linear approximation
M big-M parameter
7 number of repetition of the horizon scheduling for a season
Pinni production level for piecewise-linear approximation
Pij conversion factor of the different products with respect to the reference resource
Niht availability of production capacity for wind/solar
Amax maximum rate of change
O minimum stay time in a certain mode

Oimmm»  fixed stay time for a predefined sequence

Hmax

T4

9;

stay time in a mode
conversion factor between capital and operating cost for a process
fixed capital cost coefficient
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Vi unit capital cost coefficient

o annualized fixed capital cost for storing
Bj annualized unit capital cost for storing
At length of one time period
Nimhtl coefficient for piecewise-linear approximation
& O&M cost for storing
Variables

Bjn:  amount of resource consumed
o8 production capacity for different processes

C, storage capacity for different resources

Jimht  process operating cost not related to capital cost

oc Operating cost

P amount of reference resource produced

Pimnt  reference resource produced in certain mode

Qjn;  inventory level

Qjn net inventory in a season

Sint amount of resource release

T binary variable to select process units

T; binary variable to select storage units

Yimht binary variable to select a mode for a specific process
Zimm/ht binary variable for mode transitions

Wrimhtl binary variable for piecewise-linear aproximation

References

de la Cruz, V., Martin, M., 2016. Characterization and optimal site matching of wind turbines:
Effects on the economics of synthetic methane production. Journal of Cleaner Production
133, 1302 — 1311. URL: http://www.sciencedirect.com/science/article/pii/
50959652616306874,doithttps://doi.org/10.1016/7.jclepro.2016.06.0109.

Hlal, M.I., Ramachandaramurthy, V.K,, Sarhan, A., Pouryekta, A., Subramaniam, U., 2019.
Optimum battery depth of discharge for off-grid solar pv/battery system. Journal of Energy
Storage 26, 100999. URL: https://www.sciencedirect.com/science/article/
pii/52352152X19305286, doichttps://doi.org/10.1016/7.est.2019.100999.

Sanchez, A., Martin, M., 2018. Optimal renewable production of ammonia from water and air.
Journal of Cleaner Production 178, 325 — 342. URL: http://www.sciencedirect.com/
science/article/pii/S0959652617332730,doi:https://doi.org/10.1016/7.
jclepro.2017.12.279.

14


http://www.sciencedirect.com/science/article/pii/S0959652616306874
http://www.sciencedirect.com/science/article/pii/S0959652616306874
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2016.06.019
https://www.sciencedirect.com/science/article/pii/S2352152X19305286
https://www.sciencedirect.com/science/article/pii/S2352152X19305286
http://dx.doi.org/https://doi.org/10.1016/j.est.2019.100999
http://www.sciencedirect.com/science/article/pii/S0959652617332730
http://www.sciencedirect.com/science/article/pii/S0959652617332730
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2017.12.279
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2017.12.279

Zhang, Q., Sundaramoorthy, A., Grossmann, LE., Pinto, ].M., 2016. A discrete-time
scheduling model for continuous power-intensive process networks with various power
contracts. Computers & Chemical Engineering 84, 382 — 393. URL: http://www.
sciencedirect.com/science/article/pii/S0098135415003142,doi:https://
doi.org/10.1016/7j.compchemeng.2015.09.0109.

15


http://www.sciencedirect.com/science/article/pii/S0098135415003142
http://www.sciencedirect.com/science/article/pii/S0098135415003142
http://dx.doi.org/https://doi.org/10.1016/j.compchemeng.2015.09.019
http://dx.doi.org/https://doi.org/10.1016/j.compchemeng.2015.09.019

	Model formulation
	Mass balances
	Mode-based operation
	Continuity constraints
	Objective function

	Modeling Parameters
	Operating Results

