Supporting Information:
Towards a New Renewable Power System using

Energy Storage: an Economic and Social Analysis

Antonio Sanchez ', Qi Zhang 2, Mariano Martin !, Pastora Vega 3

I Department of Chemical Engineering, University of Salamanca, 37008 Salamanca, Spain
2 Department of Chemical Engineering and Materials Science, University of Minnesota,
Minneapolis, MN 55455, USA

3 Department of Computer Science, University of Salamanca, 37008 Salamanca, Spain

1 Model formulation

1.1 Mass balances

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

Qjnt = Qjne-1 + Bjnt = Sjne + Zpijpiht + Vi h teTy (S1)

In this equation, the amount of resource j stored at time ¢ of season 1 is represented by
@rj nt- Brjne and Sy denote the amounts of consumed or discharged resource at each loca-
tion. The amount of reference resource produced or consumed is denoted by P,;;. Finally,
the parameter p;; denotes the conversion factor between resource j and the reference resource
of process 1.

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

Pipe = ninCi Vi€ {PV,WT}, h,teT) (82)
Pipe < mhtC’i Viel~ {PV, VVT}7 h,te Th (83)

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, 2018a; 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
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associated storage.

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

The set S consists of all resources that can be stored (battery power, hydrogen and
methane/ammonia in this particular analyzed facilities).

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.

Q,ne 20.15C; VY j e {Battery}, h, t e 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; < O™y, g (S7)

K3

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

Similarly, there is also a maximum value for the storage capacity denoted by éz-nax. The

binary variable Z; is equal to 1 if a storage facility for product j is selected.

—max _

6j < Cj T V3 (89)

The resource availability is also limited for those resources used as raw materials in the
proposed network (indicated by the set B).

Bjne < B3 VjeB, h teT), (S10)

Bjni=0 Vj¢B, hteT, (S11)

Some resources (includes in the set B) could have a maximum annual consumption not

to be exceeded. In this particular case, biomass is included in this set with a maximum avail-
ability depending of the region.

> > Bjm=B;  V¥jeB (S12)
h t

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:

Sint=0 Vj¢J, hteTy, (S13)
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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

m. If a process is selected, one of the operating modes must be assigned:

Z Yimht = &; Vi, h,teTy (514)
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 (S15)
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,mn: denotes the

quantity of reference resource consumed or produced in mode m:

Piht = Z ?imht VZ, h; te Th (816)
meM;

A maximum (C™?¥) and minimum (C'%*) value for the amount of reference resource pro-
duced or consumed for each mode is introduced:
O yimnt < Pimne < Co™ Yimne Vi, m e My, by t €T, (517)
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.
— AP~ M (2 = Yimnt — Yimh,t-1) < Pimnt = Pimn,t-1

A max a7 . m (818)
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' €T Rim m'€T Rim (Sl 9)

Vi,meM; h,teTy

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;;m/) in an



operating mode m before switching to another mode m':

Oimm’ —
Yim'ht 2 Z Zimm/h,t—k v i; (mv ml) € TRZ; hv te Th (820)
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.

Zimmth -3, = Zimmernt Vi, (mym/,m') € SQy, h, t € Ty, (S21)

imm/m/’

The set SQ; denotes the set of predefined sequences for process i and B 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 = yimh7‘fh| v i, me Miv h (822)
Vi, (m,m') e TRy, h, -0 +1<t< -1 (523)

“imm/ht = Zimm’h,t+|fh |

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.

Yimn [Ty = Yim,h+1,0 Vi,meM; heHN~|H| (524)

Zimm’h,t+|7h\ = Zimm',h+1,t

(S25)
Vi, (mym') e TR;, he H~|H|, -0 +1<t<-1.

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

in inventory levels from one season to the next.

th = @thTh\ _@jh,o Vje Sa h (526)
Qjno+nn Qjn = Qjnao Vi heHN|H| (527)
Qo + e Qg = Qjuo Vi (S28)

1.4 Objective function

The objective of this work is to meet a given power demand D,oyer h ¢ using the different

proposed technologies (including storage).

Sine=Djn Vjed, hyteTy (S29)



The goal is to minimize the following objective function:

OC =% > > % Jimne + )00 (diwi + % Cy) +
t %

i meM; h

> (ajz; + B;Cy) + Z Z Zh: zt:&,jpijpmt
i J

jes

> > 00, Bcos, ht
hot

which comprises the costs of production and storage.

(S30)

The piece-wise linear approximation used to compute the first term of equation (S30),

Jimnt, is as follows:

Ponnt = Y (Nimntt (Pimyi—1 = Pimy) + Pomwimnst) Vi, me My, b, t

leL;

Jimht = Z (Aimhtl (jim,l—l - jim,l) + jimlwimhtl) v iv me€ Mriv hv t

leL;
Ximhtl € Wimha Vi, me M, h,t, 1€ L;

Y Wikt = Yike Vi, meM;, bt
leL;

2 Modeling Parameters

(S31)
(S32)

(S33)
(S34)

The values for the parameters in the biomass process changes between the different regions

according to the biomass selected following the procedure explained in the manuscript. In

this section, the biomass parameters for the province of Almeria are presented as example.

The sources from the different data are:
1. Wind Turbines (WT): de la Cruz and Martin (2016).
2. Photovoltaic (PV): Sinchez and Martin (2018a); Hlal et al. (2019).
3. Biomass gasifier/gas turbine (BIO) Sénchez et al. (2019); Le6n and Martin (2016).
4. Battery charge (BC): Gonzalez-Castellanos et al. (2020).
5. Battery discharge (BD) Gonzalez-Castellanos et al. (2020).

6. Water electrolysis (EL): Sainchez and Martin (2018a).

7. Hydrogen fuel cell (FC): Kashefi Kaviani et al. (2009); Palys and Daoutidis (2020).

8. Methane production (CH): Davis and Martin (2014).

9. Methane gas turbine (CHGT): Leén and Martin (2016).
10. Air separation (AS): Sanchez and Martin (2018b).
11. Ammonia synthesis (NH): Sdnchez and Martin (2018a).

12. Ammonia based power production (NHGT): Sanchez et al. (2021).



Parameter p; ;

Process  Resource  Yield (kW/kW or kg/kW) Process Resource Yield (kW/kW or kg/kW)
PV Solar -1 CH Power -1
PV Power 1 CH Ho -1.26639437E-01
WT Wind -1 CH CO2 -6.96619528E-01
WT Power 1 CH CHy4 2.40758605E-01
BIO Power 1 CHGT Power 1
BIO Biomass -1.317336E-04 CHGT CHy -3.0644E-05
BIO O2 -1.541830E-05 CHGT COq 8.4271E-05
BC Power -1 AS Power -1
BC  Battery power 0.97 AS N2 9.06520023E-04
BD Power 1 NH Power -1
BD  Battery power -1.1494 NH Ho -7.90036943E-05
EL Power -1 NH N2 -8.5248111E-04
EL Water -4.48263608E-05 NH NH3 3.19096482E-04
EL Ho 5.12612885E-06 NHGT Power 1
FC Power 1 NHGT Na 8.1258E-04
FC Ho -5.5556E-06 NHGT NH3 -1.58344E-04

3 3 max
Maximum process capacity C

Process C7e% (area or kW) Process C;"%? (area or kW)
PV 5% of total area of the sub-region =~ FC 100000
WT 5% of total area of the sub-region CH 14.6
BIO 68050 CHGT 200000
BC 3000 AS 60601
BD 3000 NH 85667
EL 495110.46 NHGT 200000




Maximum storage capacity e

Resource T (K] or kg)
Battery 1.08e8
Ho 18000
N 650000
CHy 2¢e7
NHs 7e7

Process capital cost d;, v;

Resource §; (MM$) ~; (MM$ / area or MM$/kW)

PV 0.0001 1.60865979e-4
WT 0.0001 491e-4
BIO 1.495353el 2.398390e-3
BC 0 0
BD 0 0
EL 17.72062345 0.00161936
FC 9.4377e-2 1.9593e-3
CH 0.0001 2.327738
CHGT 0.0001 0.882e-3
AS  1.26183952el 4.568879e-3
NH  1.14249824el 9.25374128e-3
NHGT 5.2878893el 0.003882

Storage capital cost «;, 3;

Resource a; (MMS$) 3; (MM$/k] or MM$/kg)

Battery 0 0.07111
Hs 0.0001 500
No 0.0001 12.5

CHy4 0.0001 3.26
NH3 0.0001 3.1




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

Resource (kW) (MM$/year) Resource (kW) (MMS$/year)
PV 0 0 FC 100000 17.5
14Y% 5.00E+09 0 CH 0 0.25
WT 0 0 CH 3.41 0.44
WT 5.00E+09 0 CH 14.6163 0.66
BIO 0 0.2394925  CHGT 0 0
BIO 69762321 3.66814385 CHGT 200000 2.6
BC 0 0 AS 0 0
BC 3500 0 AS 6060098 -10.4334063
BD 0 0 NH 0 0.25
BD 3500 0 NH  5354.18 0.409
EL 0 0 NH  85666.88 0.351
EL 16503.9 -0.17744678 NHGT 0 0
EL 9902209 -25.3211135 NHGT 600000 -114.0064
FC 0 0

Storage O&M cost ¢;

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

Battery 83.3333 e-9
Ho 0
N2 0
CHy 0.225
NH3 0

3 Operating Results

The scheduling results for the location of Asturias and Almeria are shown in this section
complementing those presented in the manuscript. Therefore, Figure S1 shows the scheduling
results for scenario 1 in the province of Almeria, Figure S2 the results for scenario 2 in the
region of Asturias, and, finally, Figure S3 the results for scenario 3 in the province of Almeria.

The process capacity results for all the studied regions have been included in Table S1 for
scenario 1. Table S2 includes the capacities for scenario 2, in which biomass is introduced.

Finally, Table S3 presents the process capacities for scenario 3.

8



= Power Demand I Battery July
—— Power Output = Fuel Cell
800 Solar B Methane
s Wind
g I |||
H I | | A
5 ' I | |
3 1
&£ 400 | ] | | | 1
|
I|I | | I
200 \'"A\ I
/ \
' | I
] | | i II, 1l
10 30 50 70 90 110 130 150
time horizon(h)
700
—— Power Demand I Battery December
w0l Power Output I Fuel Cell
Solar m Methane Ill
- Wind
500 | |
B
g400 I
=
1]
a
i fIl
A
100 I
| | | (111 A
10 30 50 90 110 130 150
time horizon(h)
Figure S1: Scheduling results for the Scenario 1 in Almeria
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Figure S2: Scheduling results for the Scenario 2 in Asturias
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Figure S3: Scheduling results for the Scenario 3 in Almeria
Table S1: Process capacities for the scenario 1
Asturias Almeria Badajoz Teruel Leon Coruiia Cordoba Ciudad Real Sevilla Zaragoza Burgos Navarra Soria Salamanca
Solar (ha) 193.18  282.87 52590 281.30 378.33 188.53 667.06 508.22  333.82 232.04 298.11 216.15 28894 39237
Wind (ha) 10755 9822 13435 96.88 115.08 101.89 165.09 13466 11736 10255 101.04 10659 102.70 117.46
Battery (MW) 3.00 3.00 3.00 300 3.00 3.0 3.00 3.00 3.00 3.00 300 300 3.0 3.00
Electrolysis (MW) 17376 223.08 223.08 221.34 223.08 150.56 223.08 223.08  223.08 201.03 221.88 183.41 223.08 223.08
Fuel Cell (MW) 1416  40.65 5632 4325 49.94 1179  65.62 56.83 49.03 27.84 4347 1839 4571 49.91
CH, production (kW) 6.64 7.90 867 789 845 571 8.75 8.81 8.34 7.48 8.04 682 814 8.68
CH, Turbine (MW) 17455 148.06 144.17 146.43 139.74 177.00 134.87 140.44 140.50 159.50 146.21 170.31 143.97 147.36
Biomass (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ASU (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NH; (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NHj3 power production (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Table S2: Process capacities for the scenario 2

Asturias Almeria Badajoz Teruel Leon Coruiia Cordoba Ciudad Real Sevilla Zaragoza Burgos Navarra Soria Salamanca

Solar (ha) 103.59 158.03 254.72 155.79 240.79 104.68 259.25 27753  188.44 129.70 195.67 126.04 187.44 285.63
Wind (ha) 59.09 4817 37.71 4745 57.05 56.32  28.62 46.94 4038 5483 5890 6178 57.73  58.36
Battery (MW) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Electrolysis (MW) 85.16 118.81 160.46 112.57 149.89 7497 162.42 179.59 129.01 10296 13241 98.62 137.87 150.05
Fuel Cell MW) 3.14 18.81 4344 2291 3835 0.00 44.36 45.40 34.64 8.30 32.53 9.34  33.50 3791
CH, production (kW) 3.10 3.69 3.57 3.62 454 264 3.04 4.25 324 3.57 4.46 3.40 4.42 4.00
CH, Turbine (MW) 11752 101.85 9543 98.72 9844 120.75 88.08 98.98 86.84 111.00 10426 118.06 103.30 106.48
Biomass (MW) 68.05 6805 61.63 68.05 5288 68.05 68.05 52.88 68.05 6805 5288 6130 5288 52.88
ASU (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NH3 (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
NHj3 power production (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0




Table S3: Process capacities for the scenario 3

Asturias Almeria Badajoz Teruel Leon Corufia Cordoba Ciudad Real Sevilla Zaragoza Burgos Navarra Soria Salamanca

Solar (ha) 317.52 438.76 70226 454.45 520.08 320.60 817.36 659.43 44259 414.62 51156 338.84 39548 684.40

Eolica (ha) 127.51 134.02 202.79 132.19 162.66 121.03 270.22 202.63 162.77 133.00 131.85 127.32 15492 157.87

Bateria (MW) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Electrolisis (MW) 195.07  321.43 440.39 319.87 354.76 167.41 446.17 430.76  332.89 246.86 310.74 196.57 304.09 373.14
Fuel Cell MW) 7829 8517 95.09 79.02 8142 84.64 9598 90.19 8135 7652 7890 91.99 8413 84.78

CH4 (kW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CH4GT (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Biomass (MW) 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ASU (MW) 9.18 1318 2311 1496 1739 743 29.36 23.38 1320 1154 1486 859 1475 19.92

NH3 (MW) 10.94 1713 27.82 1754 21.13 9.14 30.02 2712 1798 1412 1722 1065 17.61 22.27

NH3GT (MW)  111.27 10439 106.26 111.52 109.12 106.07 105.37 107.93 109.03 111.68 111.64 97.58 108.16 113.35

4 Social Index

First, in Table 54, all required data to calculate the social index are presented. The data for this

particular case study have been obtained from these sources:

10.

. Lost installed capacity: Wikipedia contributors (2021).

. Loss of jobs: Ministerio para la Transicion Ecologica y el Reto Demografico (2021), El Comercio (2017), La Voz

de Asturias (2018), Diario de Pontevedra (2019), Diario de Burgos (2017).

. GDP: Instituto Nacional de Estadistica (2020)

. Active population: Instituto Nacional de Estadistica (2021c)

. Unemployment rate: Instituto Nacional de Estadistica (2021d)
. Population decline: Instituto Nacional de Estadistica (2021f)

. Aging index: Instituto Nacional de Estadistica (2021a)

. Total population: Instituto Nacional de Estadistica (2021e)

. Area: Ministerio para la Transicion Ecologica y el Reto Demografico (2005)

Youth migration: Instituto Nacional de Estadistica (2021b)

With this data, the index is calculation following the instructions explained in the

manuscript. The first three items, related to the energy transition, are collected in Table S5.
The last items of the index are included in Table Sé6.

In the manuscript, the Figure with the trade off between economic and social issues is

presented for scenario 1. In this supplementary information, the figures for scenario 2 (Figure

S4) and scenario 3 (Figure S5) are included.
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Data for the social index calculation

Table S4
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First items of the social index related to the energy transition

.

Table S5
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ironment

Last items of the social index related to the general social envi

Table S6

6€'8 05'80¥1C 88'6 G8'1- Sveece £609- ¥9'8 99'9¢ 6€'8 18'G1C 6e'6 98'6- [<a4 ¥T91 ¥L'8 8T'¢ 09870  eouewe[eg
S0'Z 0£'%8£9T S6'9 611" 78888 9801~ 0001 €98 S0°Z 68761 198 €T 000 €L'6 0001 L0'T 1€£08¢T eLog
LET ¥6'61€0€ 000 8€0 £61199 §ese 9g's 9’9 LET 8¢'ITL 18°€ 09'1C wl SY'TL ST ¥0'6  ¥SPL¥00C BIIRABN
w8 §E'TLE6T 879 Y01~ 08928¢ 204€- €L'8 1g°6e ws 9G°6L1T 9L 00¢ o 88'6 182 L% 02050501 sogmg
15¢ 9€'1C18C 9T 100 8C9TL6 6% 0¥'9 0€'99 1g¢ 176€l 0c's 89FL 0€e 26C1 8C¢ €eCl  TI88¥ELT ezoJerez
69°0 9T'TLI0T 8€'C 8€0- 6120561 L 9r'0 ¥6'8€1 69°0 8€'66 999 et 0001 18€T 000 WLl Shesegee e[[raag
61°¢ ¥0°C6S1C 000T 88T~ ar0ser 666~ LL'8 667C 61°¢ el 8¢’L 98¢ 6C'L 6661 9L°L [4:a4 €€068901 B9y pepnid
98'C €T'E8Y8L 104 01~ LETTL 0808~ w©'8 88°0€ 98T LE'6CL 684 eion ¥e'8 L¥'1T 0€s 096 19ceTiil zofepeg
86T ST'66981 89°L &€1- 167184 €801~ €9 SL°98 86T €6FCL 8L 65T ¥eL £0°0T €49 g9 Seevesyl BqOpI0D
000 1670261 1¥e 6€0- SY6LTL GE8T- 6€F 968 000 958 000 LY 0F 9T's Ll 889 0€9  6T86L6EL eL_DWY
169 £€8'78LET 66'T £L0°0- SI8ICIT 984~ 000 ITUT¥PL 169 99°¢6L w6L 11 e 0Tl Bl €0Cl  181T899C eyniIo)

0001 L1°€T61T 9€'L 8TT- 6E¥95F 0585~ P8 °€6T 0001 10°T¥¢ 0001 0r'6- e [1%4* S6'Z IS% 88990001 uoa]
¥8'S £9'960S5T ¥6'L 1¥1- 9LTVEL 9681~ 166 206 ¥8'S 16641 0S8 891~ 90 0901 €L'6 @l 9€TL9¢e [Pniay,
S6'8 ¥8'6¢8CC 8€F 190~ ¥848101T ¥619- ov'e 80'96 S6'8 LE¥TT ST6 LE°G- ore 6071 8¢¥ 6701 €£98GC€T SeLmsy

romnqyuo)  (uosad/3)  uoyngyuo) or uonjeindod  voneiStu uonNLIUO) Amﬁx /) Uuonnguiuo) Xopul uonpnqguiuo)) (9,) dUIPIp UOHNLIUOD)  djel  UOHNJLIUOD) (3 suorpru)
xopup  eyrded rad gaD Xopu[ aed [e30L ynox xopup Aysuap "dog Xapup Buidy xapuy uonemnddg xapuf ‘[dusun xapuy dad % aa»
uonersnu Ayisuap Xapuy s1eak () 1se[ 3y} 19A0 ajer A1unod ayy Jo JaO [10}
endes 1od 4o yInox uonemdog Suily aurpap uonemdo g juowrforduwaun 'sA uordar ayy Jo JaO

14



weruel

60 ghsturias

Soria
Burgos

Social index
"
3

~ wBadajoz
gordoba woruiia

40

aragoza

lavarra wevilla

geon

gimeria

walamanca

s-iudad Real

85 90 95 100 105 110
Cost of electricty ($/MWh)

Figure S4: Social and economic results for scenario 2
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Figure S5: Social and economic results for scenario 3
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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
TR;, mode transtions to progress from mode m
TR; predefined sequences of mode transitions
Parameters
B maximum resource that can be consumed
—max .
f maximum annual resource than can be consumed
o maximum production capacity
—max . .
C; maximum storage capacity
Ciax maximum production in a given mode
Cmin minimum production in a given mode

Dpower,h,t power demand

jiml
M
Np

]Dv',ml
Pij
Ninht
A

Himm’

operating cost for piecewise-linear approximation

big-M parameter

number of repetition of the horizon scheduling for a season

production level for piecewise-linear approximation

conversion factor of the different products with respect to the reference resource
availability of production capacity for wind/solar

maximum rate of change

minimum stay time in a certain mode

Oimmm~  fixed stay time for a predefined sequence

emax
g

di

Vi
Qj
Bj
At

stay time in a mode

conversion factor between capital and operating cost for a process
fixed capital cost coefficient

unit capital cost coefficient

annualized fixed capital cost for storing

annualized unit capital cost for storing

length of one time period
16



Nimhtl coefficient for piecewise-linear approximation

& O&M cost for storing
PYCo, Cost of captured carbon dioxide
Variables

Bjp;  amount of resource consumed

o8 production capacity for different processes

Cj storage capacity for different resources

Jimht ~ process operating cost not related to capital cost
ocC Operating cost

Py, amount of reference resource produced

Pimnt  reference resource produced in certain mode
Q;ne  inventory level

Qjn  netinventory in a season

Siint amount of resource release

x; 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

Wrimhti binary variable for piecewise-linear aproximation
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