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S1. Mathematical formulation

The complete multi-period spatial-explicit MILP formulation of SHIPMod extension is presented in this
section. It is based on the work by [1] with multiple novelties. This formulation is composed of the objective
function and the constraints for representing (i) the relation of liquid and compressed hydrogen demand,
(ii) hydrogen and COs material balances in each region and in the reservoirs, (iii) capacity, evolution
and operation of hydrogen production plants, storage facilities and filling stations, (iv) local and regional
hydrogen delivery via road transportation and pipelines as well as CO5 pipelines for carbon sequestration,
(v) COq reservoirs, and (vi) international imports. The detailed superstructure of the HSC for each region
g and reservoir r in time period ¢ is illustrated in Fig. 3.

The optimisation framework is based on a ‘neighbourhood flow’ approach [2]. It consists of the definition
of a subset of connections (g,¢’) € N € G x G where each region g € G is only linked to divisions ¢’ € G
characterised by being adjacent, as opposed to a full connectivity matrix GxG where all regions are connected,
which would increase the combinatorial part of the problem. In this work, a material can flow from the
origin to the destination point by the addition of sequential neighbourhood flows through a sequence of
intermediate regions. Additionally, besides the set of connections between adjacent regions N, new links are
allowed between two regions g and g’ which are not adjacent G x G \ N if their direct distance is shorter
than the surrounding route passing by intermediate regions g” € G for a specific transportation mode [ € L.
Overall, it is possible to define a subset of connections for transportation modes LN € L x G x G according to:

Let (I,9,9') €E; =LxN,
and (1,9,9") €Ea=Lx (GxG\N) [ ligg +lmargin < min (llgg” + llg”g’) ) (S1)

" G s ”
then (l,g,9") eLN=E; U Es, g/\e(gl'(f,gg’g)equN

where Tlggr is the distance between g and ¢’ for transportation mode [. This definition is especially relevant
for transportation modes [ € { Trailer, Tanker} due to the likely existence of interceptions in road connections.

S1.1. Objective function

The optimisation framework seeks to minimise the total cost (T'C), including capital investments re-
lated to the installation of new facilities (FCC) and their corresponding operating costs (FOC), capital
investments (T'C'C') and operating costs (T'OC') associated to hydrogen and COs transportation —including
road transportation and pipelines—, the cost associated to carbon emissions (CEC), and the expenditure on
international imports (II1C), as follows:

TC=FCC+TCC+FOC+TOC+CEC+IIC. (S2)

S1.1.1. Discount factors

In order to compare the costs that occur in different time periods over the planning horizon under study,
the mathematical formulation includes a discounted cash flow analysis to calculate the present value of future
cash flows. Capital costs are assumed to be deduced at the beginning of the time period of the investment,
whereas operating costs are added on an annual basis at the end of each of the T years that compose the
time period. Then, the discount factor of capital costs (dfc;) and the summation of discount factors of
operating costs (dfo;) for each time period are:

1
dfCt = m’ Vt e T, (83)
L 1
dfOt = Z Vte T, (84)

& (L+dr) DT

where o; represents the ordinal of time period ¢ in the ordered set T and y € {1,...T} represents the years

that compose each time period. In some cases, the annuities of capital costs are required for the calculation
of fixed operating costs. These are determined by means of the capital recovery factor crf, according to:

_dr (1+dr)"
CT‘f = m, (85)
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where n is the economic life cycle of capital investments.

S1.1.2. Residual values

The residual values of infrastructure assets at the end of the time horizon t® are deducted in the calculation
of capital costs. Such values are determined with a depreciation function that depends on the useful life of
each element of the infrastructure and on the time period when it is acquired, namely the sum-of-years-digits
function.

S1.1.8. Facilities capital cost

The facilities capital cost (FCC) depends on the number of new hydrogen production plants, storage
facilities and filling stations (IP;pjg¢, ISisjqr and IFjfjq:) installed in each region g and time period ¢ for
processing product ¢ with technology p, s or f, respectively, and size j as follows:

FCC= Yy ¥ Y (dfer pecipg = dfere rvpipje) IPipjgt

teT g6 (i,p,j)eIP]

+ X X Y (dfeg sceisy — dfege Tvsisje) ISisjge (S6)

teT  geG (i,s,§)eIST

+Y ¥ Y (dfe feeipj —dfere rofipe) IFifjge,

(€T geC (i,f.5)eTFI

where parameters pce;p;, sccisj and fcc;¢; stand for the future capital cost of a production, storage or filling
station facility and rvp;p;:, rvs;sj: and v f;¢j: represent the residual values at the final time of the time
horizon for a production, storage or filling station facility constructed during time period ¢. In this equation,
IPJ is the subset of production technologies and plant scales available for each hydrogen form. Accordingly,
ISJ and IFJ are the subsets of storage and filling technologies and scales for each hydrogen form. Note that
the residual values are discounted at the final time ¢°

S1.1.4. Facilities operating cost

The facilities operating cost (FOC) depends on the production rate (PR;p;q¢) and storage inventory
(STisjqt) of hydrogen form ¢, production or storage technology p and s, respectively, and size j in region g
and time period ¢, according to:

FOC= ¥ ¥ ¥  dfo; aupcip; PRipjg
teT geG (i,p,j)eIPJ (87)

+y X Y dfor auscisy STisjqt,

teT geG (i,s,j)eIST

where « is the annual network operating period and usc;s; represents the unit storage cost of product form
i, technology s, and size j. Similarly, upc;,; represents the unit production cost of technology p, in this case
including operation and maintenance as well as raw material costs.

S1.1.5. Local and regional transportation capital cost
The transportation capital cost (T'CC') is composed of road transportation (RCC') and pipeline (PCC)
capital costs according to:
TCC=RCC+ PCC. (S8)

Road transportation capital cost (RCC) includes the investment for local and regional delivery of com-
pressed and liquid hydrogen, and is calculated with the number of new transportation units (I\TT] gt and
ITU 144¢) acquired for carrying product ¢ with transportation modes [ € { Trailer, Tanker} during time period
t in region g or between regions g and ¢’, respectively. Then, RCC' is defined as follows:

RCC= % > > Y (dfe teey — dfege rotiy) ITU g0
teT le{Trailer, g:(l,g) 4:(i,l)
Tanker} €LG eIL (Sg)
DD > Y (dfes teey — dfege Totie) ITU jiggre,
teT le{Trailer, (g,9"): :(3,1)
Tanker} (I,9,9")eLN €IL
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where parameters tcc; and rovt;; denote the capital cost and residual value per transportation unit. LN
is the subset of connections for transportation modes, LG is the subset of local transportation modes for
regions. Similarly, IL is the subset of transportation modes for product forms.

Regarding the pipeline capital cost (PCC'), this is composed of the investment for constructing the new
pipe sections in each time period, which depends on the pipeline diameter and length. There are four
different, types of pipelines in the problem under study, namely local and regional pipelines for hydrogen
distribution and transmission, and onshore and offshore pipelines for CO3 transportation to collection points
and to reservoirs for its sequestration. Then, binary variables ngt, nggft, Yagq+ and Yagre indicate the
selection of pipelines of diameter size d for each type of pipeline in region g, between regions g and ¢’, or
between collection points in regions g and reservoirs r in time period ¢t and determine PC'C' according to:

PCC= % % % % (dfer Teq—dfe 1)l ¥ agr
teT le{Pipe} ¢ deD
(1,9)€LG _ .
+Y Y ¥ % (dferccea - dfere T0ear) Ligy Y aggt
teT le{Pipe} (g,9’): deD
(l,g9,9")€LN
+ > D > (dfct CCCq — dfctE T_vcdt)lgg’ }_/dgg’t
teT (g,g’)eCN deD

+ Z Z (dfct CCCd - dfctE TUCdt) Zg'r‘ }:/dgrt;

teT  (g,r)eGR deD

(S10)

where parameters cccy, éccy, cccq and cceq are the capital costs per length unit for pipelines with diameter
size d, for each type of pipeline. Accordingly, rvcgs, Focqs, Tveq: and rUCqt denote the residual values per

length unit for pipelines with diameter size d installed in time period t, for each type of pipeline. Finally, lvlg,
Tlggf, 1y and 14 denote the distance of hydrogen and COs transportation via pipelines, with [ € { Pipe}.
In this equation, CN is the subset of connections between regions for onshore CO, pipelines and GR is the
subset of connections between regions and reservoirs for offshore CO, pipelines. Besides, D, D, D and D are
the subset of diameter sizes for each type of pipeline. -

S1.1.6. Local and regional transportation operating cost
The transportation operating cost (T'OC) is equally composed of road transportation (ROC) and
pipelines (POC) operating costs:
TOC = ROC + POC. (S11)

The road transportation operating cost (ROC) includes local and regional fuel costs (1?6 and FC),

general costs (66 and GC), labour costs (ZE' and LC), and maintenance costs (Z\\4/C and MC), as presented
in the following equation:

ROC =FC+GC+LC+MC+FC+GC+LC+MC. (S12)

Essentially, local and regional operating costs for delivering hydrogen via road transportation depend on the
flowrates of each hydrogen type i (Qzlgt and Qllgg ), and the go and return distances (2 llg and 2 1;,,) in
region g and between regions g and ¢’ for road transportation modes [ € {Trailer, Tanker}. This way, local
and regional fuel costs are given by:

— l i
FC= % > X X dfotozfzmM (S13)
teT Ie{Trailer, g:(l,g) i:(il) feq teapy
Tanker} €LG eIl

e 219y Quigy
FO=Y ¥ X ¥ dorafpt
teT [e{Trailer, (g,9"): #:(4,0) fezl tcapq
Tanker} (l,g9,9’)eLN €IL

(S14)
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where « is the annual network operating period and parameters fp;, feil, ]Teil and tcap;; represent the fuel
price, the local and regional fuel economy and the unit capacity of road transportation mode [ delivering
product ¢. Similarly, local and regional general costs are defined by:

— 0; 27
G- Y Y Y doagea—tt(2he gy, (s15)
teT le{Trailer, g¢:(l,9) 1i:(3,0) tmag teap; \ SPa

Tanker} €LG €IL

ara _' / 27 ’
@-F Y YT doage ( Ligg mtﬂ), (516)
teT e{Trailer, (g,g'): i:(i)0) tmag tcapii \ 8Py
Tanker} (I,9,9")€LN €IL

where parameters ge;;, %il, tmag, $py;, 3Py, and lut; designate the general expenses, the local and regional
availability, the local and regional average speed, and the load and unload time of road transportation mode
[ transporting product type i. Next, local and regional labour costs are defined according to:

—_ VZ_ 2 z/
LC= %, > Y. > dforadwy Qitgt =ty |, (S17)
teT le{Trailer, ¢:(l,g) i:(i.l) teapi \ spy
Tanker} €LG eIl

Lc=% 3 > > dfo; dwﬂ% (M + lUtil) ; (S18)

teT [e{Trailer, (g,9’): i:(4,l) capii SPi
Tanker} (l,g9,9’)eLN €IL

where parameter dw; represents the driver wage of road transportation mode [ transporting product type
i. Finally, local and regional maintenance costs are defined by:

_ 21y Qu
MC = Z Z Z Z dfos « meiltgi.gt’ (S19)
teT le{Trailer, g:(l,g) 4:(¢,l) capa
Tanker} €LG €IL

MC = Z Z Z Z dfo; o mey;
teT [e{Trailer, (g,9'): 4:(i,l)
Tanker} (l,g,g9’)eLN €IL

2 llgg’ Qilgg’t

tcapq

(S20)

where me; stands for the maintenance expenses of road transportation mode [ transporting product type 3.
Regarding the pipeline operating cost (POC), it is considered proportional to the annuities of pipeline
capital cost (PCC) with a ratio ¢ and is defined by:

POC= ¥ ¥ ¥ % dfoyderfteqliy AY ag
teT [e{Pipe} g: deb
(1,9)€LG _ o
+ tz':r l {g: o Z) Z_ dfos § crf ccey Ligg AY dgg't
€T [e{Pipe g,9"):  deD
(l,9,9")eLN (82]‘)
+ Z Z Z dfot o CTf CCCq lgg’ A_S/dgg’t

teT  (g,9")€CN deD

+ Z Z Z dfot 0 CT‘f C:CCd igr A:Yvdgrt;

teT  (g,r)eGR deD

where crf is the capital recovery factor for annualising the pipeline capital costs and AY dgt AY dgg'ts
AYig9+ and AY 4.+ are binary variables that specify the availability of a pipeline of diameter size d in time
period t for each type of pipeline.
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S1.1.7. Carbon emissions cost
The carbon emissions cost (CEC) is determined by the production rates PR;,;,: and emission factors
Yipst Of each product type ¢, technology p and scale j recorded in all regions g and time periods ¢, as follows:

CEC = Z Z Z dfoy o cty Viepjt PRipjgt, (822)

1T 96 (i,p.g)e1PI

where ct; is the carbon price per unit of COs emitted in time period ¢. Such value is defined by UK and
European directives such that low-carbon solutions with GHG emission bellow the GHG emission targets
can be guaranteed.

S1.1.8. International import cost
In addition to national hydrogen production, liquid hydrogen can be also imported from overseas via
maritime transportation. The cost of imported hydrogen is calculated as follows:

IIC =5 > > dfo, aipIMPg,, (S23)
teT geP je{LH,}

where ip is the price of imported liquid hydrogen and IMP;4 is the import flow rate of i € {LH>} in time
period t in region g € P, where P is the subset of regions with major liquid freight ports.

S1.2. Demand Constraints

The objective of this problem is to fully satisfy a given hydrogen demand (demg,) per region g and time
period ¢. Such demand can be supplied from liquid-gas and gas-gas filling stations, which accept hydrogen
in either liquid or compressed form i € {LHs, GHs}. The division of the total hydrogen demand into the two
forms 4 is represented by positive variable DEM;4; according to:

demg; = ZDEMigt, VgeG,teT. (524)
1€l
Moreover, hydrogen can be distributed locally via road transportation or via pipelines with local hydrogen
flowrates (Qiigt), according to:

DEMiyi = Y Qugr,  VieI,geGteT. (S25)
1:(4,l)€eIL
A(l,9)€LG

S1.3. Mass Balance Constraints
The mass balance is defined for each hydrogen type 4, in every region g and time period ¢, such that the
hydrogen production (PRij4¢) and input from other regions g" (Q;,,;) meets the hydrogen output to other

regions g’ (Q;;,,¢) and supply (DEM;g,) for fulfilling the demand, as follows:

Y, PRijge+ Y, Y. Qugg+IMPige= Y Y Qg+ DEMig, Viel,geG,teT. (S26)
(p,5): :(4,1) g"(1,9"9) :(4,1) g"(1,9,9")
(i,p,j)eIPI €IL €N eIL  eLN
The CO- mass balance should be likewise satisfied in every region g and time period ¢ in order to quantify
the infrastructure needs for COy sequestration. In this case, the COs captured in hydrogen production
plants (75,;; PRipjgt) and the CO2 input via onshore pipelines from other regions g’ (Qg4:) must be equal

to the CO2 output via onshore pipelines to other regions g’ (Q4¢) and via offshore pipelines to reservoirs r
(Qgrt), as follows:

Z ’Yfpjt PRipjqt + Z Qggt = Z Qqgrt + Z Qort geG,teT, (527)
(4,p,3) 9"(9.9) 9"(9,9") ri(g,r)
€IPJ eCN eCN €GR

where parameter 7;,;; denotes the coefficient of CO2 capture for producing product ¢ by plant type p and
size j in time period ¢.
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S1.4. Production Constraints

The total production rate of hydrogen form i produced with technology p and size j in region g and time
period ¢ is limited by the number of available plants (NP;p;4) and their minimum and maximum production
capacities (pcapjy;" and pcap;;?®) as follows:

pcap;%"NPipjgt < PRipjgt < peapiyi® NPipjg, V(i,p,j) € IPJ,g€G,teT. (528)

For the specific case of distributed and small scales, hydrogen production can be only consumed locally.
This way, the sum of distributed and small production rates PR;p;,: in each region g and time period ¢
cannot exceed the corresponding demand, as established by:

PRipjgt < DEMigt, VieIl,geG,teT. (829)

je{Small, p:(i,p,j)
Distributed} €IPJ

The number of available production plants of each type in region g during period ¢ is determined by the
number of available production plants in the preceding period ¢ — 1, the number of newly installed plants in
current period ¢ and the number of plants installed in ¢ — ¥ whose useful life T? has finished, as given by:

NPipjgt = NPipjg,t—l + IPipjgt — IPZ V(’L,p,]) € IPJ,g € G,t € T, (830)

Dig,t=ty,
where ¢ y is equal to YP/Y. In the first period, the available plants in t—1 correspond to the zero condition,
namely the plants that have been installed previously to the planning horizon under study.

S1.5. Storage Constraints

The total average inventory of hydrogen form ¢ stored in region g and period ¢ is defined such that the
hydrogen supply is guaranteed during a given storage period 3, as given by:

Z STisjgt = 6 DEMigt, Vie I,g € G,t eT. (831)
(s:9):

(%,s,7)€IST

Like in the case of the production rate, the total inventory of hydrogen form 4 that can be stored with

technology s and size j in region g and time period ¢ is limited by the number of available storage facilities

(NSisjgt) and their minimum and maximum storage capacity (scapjy;" and scapii®) as follows:
scapg;”NSisjgt < STisjgr < scapiei” NSisjgt, V(i,s,7) €ISJ,g€G,teT. (S32)

The number of available storage facilities of each type in region g during period ¢ is determined by the
number of available storage facilities in the preceding period ¢ — 1, the number of newly installed facilities in
current period ¢ and the number of facilities installed in ¢ — ¢° whose useful life Y* has finished, as given by:

NSisjgt = NSisjg,t—l + ISisjgt - ISisjg,tftsa V(Z, Saj) € ISJag € Gat €T. (833)

where t° is equal to Y*/Y. In the first period, the available storage facilities in ¢ — 1 correspond to the
facilities that have been installed previously to the planning horizon under study.

S1.6. Filling Station Constraints

Similarly, the total filling capacity of hydrogen form ¢ with technology f and size j in region g and time
period t is determined by the number of available filling stations (NFjfj4:) and their maximum capacity

(feapiyi®) as follows:

DEM;gi < ). Jeap(ss* NFipjgt, Viel,geG,teT. (S34)
(f.9):
(i, f,§)€IF]
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In the specific case of hydrogen production in a distributed scale, the hydrogen can be only supplied by
distributed gas-gas filling stations. This way, the total distributed production rate of product 4 is limited
by the total distributed gas-gas filling capacity, according to:

Z PRipjgt < Z feapi® NFijsgt, Vi e I,j e {Distributed}, f € {distributed gas-gas},g€G,t€T.
pi(4,p,5) J:(4,£,5)
€IPJ €IFJ
(S35)
The number of available filling stations of each type in region g during period ¢ is determined by the number
of available stations in the preceding period ¢ — 1, the number of newly installed stations in current time

period ¢ and the number of facilities installed in ¢ — t/ whose useful life T/ has finished, as given by:
Nﬂfjgt = NFifjg,t—l + IFifjgt - IFifjg,t—tfv V(Z, f,j) € IFJ,g € G,t € T, (836)

where tf is equal to Tf/T. In the first period, the available filling stations in ¢ — 1 correspond to the zero
condition, namely the stations that have been installed previously to the planning horizon under study.

S1.7. Road Transportation Constraints

Hydrogen road transportation takes place through a discrete number of transportation units, namely
trailers and tankers for carrying compressed and liquid hydrogen, respectively. The available number of
local and regional transportation units (NTU g+ and NTU44¢) required for moving hydrogen type ¢ via
road transportation mode [ € {Trailer, Tanker} in region g and between regions g and ¢’ in time period ¢
depends on the hydrogen flowrates (@ilgt and C_Qilgg,t), the go and return distances (2 lvlg and 2 1;4), the unit

capacity (tcapy), the transportation mode availability (tmay; and fmay), the average speed (sp,; and 5p;;)
and the load and unload time (lut;). Overall, the local and regional transportation units are determined
by:

o) 20,
NTU g > \/Q# (v—lg+lutil) , V1€ {Trailer, Tanker},q: (i,1) € IL,g: (I,g) € LG,t € T, (S37)
tma; tcapir \ SPa

S - 2115
NTUigg¢> _ngg ¢ ( _ lgg +lutil), V1 € {Trailer, Tanker},i : (i,1) € IL, (g,9") : (I,g,g") € LN,t € T. (S38)
tma; tcapi \ 5Py

The number of available transportation units of each type in region g or between regions g and ¢’ during
period t is determined by the number of available transportation units in the preceding period ¢t — 1, the
number of newly acquired units in current period ¢ and the number of units acquired in ¢ — ¢! whose useful

life T* has finished, as given by:

NTUiige = NTUig4-1 + ITU g = ITUsg 44, V1 € {Trailer, Tanker}, i : (i,1) € IL,g: (I,g) € LG,t € T, (S39)

NTUjggt = NTUjigg 4-1+1TU j1gqre—ITU jyggr 44t V1 € { Trailer, Tanker}, i : (i,1) € IL,(g,9") : (I,9,9") € LN, t € T.
(540)

where t! is equal to T?/Y. In the first period, the available transportation units in ¢ — 1 correspond to the

zero condition, namely the units that have been acquired previously to the planning horizon under study.

S1.8. Pipeline Constraints

Compressed hydrogen can be also transferred at local and regional levels via distribution and transmis-
sion pipelines, respectively. Additionally, onshore and offshore COs pipelines are required for transporting
the CO4 captured in hydrogen production plants to COq collection points first and, later, to the offshore
reservoirs for its long-term storage. The availability of pipelines of diameter size d € D,D,DorDin region
g, between regions g and ¢’ or between region g and reservoir r, in time period ¢ for each type of pipeline
is represented by binary variables AY g4, AY dgg't, AY agqr+ and AY y4-4, respectively. The corresponding
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flowrates (Cv)ugt, @ilgg,t, Qggt and Qgr¢) of hydrogen gas and COz via pipelines, with [ € {Pipe}, are limited

~max =maz mazx

by the maximum flowrate (g;**%, gj***, q¢;*** and ¢7**®) of the selected diameter size d, according to:

Quge < S AW aqe, V1€ {Pipe},ic {GHy},g: (1) €LG,t €T, (S41)
deD

C_gilgg’t < Zﬁqgﬂlz "deglh VZ € {Plpe}vl € {GH2}7 (gag’) : (l,g,g’) € LNat € Ta (842)
de

Qoge < R """ AYaggr, ¥ (9,9') €CN,teT, (S43)

ggrt < dZ_ 97" AYagre, ¥ (g9,7) €GR,t €eT. (S44)

€D —

The availability of pipelines is determined by the availability of each pipeline in the preceding period t — 1,
the new installation of pipelines in current time period ¢ and the pipelines installed in ¢ — t© whose useful
life T¢ has finished, as following represented for each type of pipelines:

AY 4gr = AY qgyo1 + Y agi = ¥ agite;  VdeD,g: (Pipe,g) € LG, L€ T, (S45)
E/dgg't = Hdgg',t—l + ?dgg’t - ?dggl7t_tc’ VYdeD,(g,9'): (Pipe,g,g') e LN, t € T, (S46)
AY ggt = AYdggr 11 + Yaggt — Yagg i—tes  Vd €D, (g,g") €CN,t €T, (547)

A:}/dth = gdgntfl + }:/dgrt - }:/dgm,tc, Vd € D, (g,7) €GR,teT. (548)

The installation of more than one diameter size d is not allowed for any type of pipelines over the whole
timeframe, this is:

X Z}//dgt <1, Vg:(Pipe,g)€LG,teT, (S49)
deD

Y AYagee <1, VY(g,9'): (Pipe,g,g) LNt €T, (S50)
deD

I Ay <1, ¥(g,9') €CN,teT, (S51)
€

Z_ AYqge <1, V(g,7) €GR,t €T, (S52)

deD

S1.9. Reservoirs

The inventory of CO5 is computed through the CO2 material balance in reservoirs, as the COs inventory
level (RI,;) in reservoir r and time period ¢ hast to be equal to the COs amount in the previous period ¢
plus the accumulated COs input in each time period ¢, and reads as:

Ry =RILya+Ya Y. Qg VreR,teT, (S53)

(g,m)€GR —

where Qg is the CO2 flowrate between region g and reservoir 7 and T « represents the duration of each

time period in days. Additionally, reservoir r is only active if it is connected to a offshore CO, pipeline
that is available, determined by AY 4.+, and the inventory level can never exceed the maximum reservoir
capacity (rcap™®*):
RIy <Y, > AYagn reap™™, VreR,teT. (S54)
dEE g:(g,r)eGR_

S1.10. Hydrogen import
The total amount of hydrogen import can be constrained according to the following equation:

> Y IMPiy <1y demg,  VteT, (S55)
9€P je{LH>} geG

where ¢ is the maximum percentage of international hydrogen imports over the total demand in each period
t.
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Notation

Acronyms and abbreviations

BG biomass gasification

CCS carbon capture and storage

CG coal gasification

GH, gas hydrogen

GHG greenhouse gas

HSC hydrogen supply chain

LH, liquid hydrogen

MILP mixed-integer linear programming
SHIPMod Spatial hydrogen infrastructure planning Model
SMR steam methane reforming

WE water electrolysis

Sets

deD diameter sizes of pipelines

feF filling station types

g,9 €G regions

1,1’ €1 product types

jeld sizes of production, storage or filling facilities
lel transportation modes

peP production technologies

reR reservoirs

s€S storage technologies

teT ordered time periods

ye{1,..T} yearsin each time period

Subsets

(g9,9') €N <G x G neighbouring regions

(g,9') € CN € G x G connections between regions for onshore COq pipelines

(g,7) € GRS G xR connections between regions and reservoirs for offshore CO2 pipelines

(i, f,j) €e IFJ € I xF x J combinations of product types, filling technologies and filling station sizes
(i,1) € ILC I xL combinations of product types and transportation modes

(i,p,7) € IPJ S I xPxJ combinations of product types, production technologies and plant sizes
(i,8,7) € ISJc I x S x J combinations of product types, storage technologies and storage sizes
(I,9) e LG €L x G transportation modes in regions

(I,9,9') e LNC L x G x G connections between regions for transportation modes

deDcD diameter sizes of local hydrogen pipelines
deDcD diameter sizes of regional hydrogen pipelines
deDcD diameter sizes of onshore CO5 pipelines
deDcD diameter sizes of offshore CO2 pipelines

gePcG regions with major liquid freight ports

Parameters
Q annual network operating period (d y~!)
Jé; storage time interval (d)
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C
Yipjt

€
Yipjt

0
Wagg

0
YWagr

ceey
cecg
CCcq
&ecd
crf_
Ctt
demgy;
dfe
dfOt
dia;
diag
diag
diag
dr

dwi 1
feap §i
fCCZ' fi

fea
fea

fpil
géeil
p
lig
7lgg’
lgg’

coefficient of CO2 capture for producing product i by plant type p and size j in time period ¢
(kg CO2 kg™ Ha)

coefficient of COy emission for producing product ¢ by plant type p and size j in time period ¢
(kg COQ kg71 HQ)

ratio of pipeline operating costs to capital costs

maximum percentage of international hydrogen imports over the total demand (%)

duration of time periods (y)

useful life of hydrogen and COs pipelines (y)

useful life of hydrogen filling stations (y)

useful life of hydrogen production plants (y)

useful life of hydrogen storage facilities (y)

useful life of hydrogen road transportation modes {Trailer, Tanker} (y)

initial availability of a local hydrogen pipeline of diameter size din region g (0-1)

initial availability of a regional hydrogen pipeline of diameter size d between regions g and ¢’
(0-1)

initial availability of a onshore COy pipeline of diameter size d between regions g and g’ (0-1)
initial availability of a offshore CO pipeline of diameter size d between collection point in
regions g and reservoir r (0-1)

capital costs of a local hydrogen pipeline of diameter size d (£ km™)

capital costs of a regional hydrogen pipeline of diameter size d (£ km™")

capital costs of an onshore CO; pipeline of diameter size d (£ km™!)

capital costs of an offshore CO2 pipeline of diameter size d (£ km™)

capital recovery factor

carbon tax in time period t (£ kg™! CO»)

total hydrogen demand in region g in time period t (kg Hy d71)

discount factor for capital costs in time period ¢

discount factor for operating costs in time period ¢

diameter of a local hydrogen pipeline of diameter size d (cm)

diameter of a regional hydrogen pipeline of diameter size d (cm)

diameter of a onshore COs pipeline of diameter size d (cm)

diameter of a offshore COy pipeline of diameter size d (cm)

discount rate (%)

driver wage of road transportation mode [ transporting product type i (£ h™)

maximum capacity of a filling station of type f and size j supplying product type i (kg Hy d71)
capital cost of filling station type f and size j for product type i (£)

local fuel economy of road transportation mode [ transporting product type 4 within a region
(km 171)

regional fuel economy of road transportation mode [ transporting product type ¢ between two
regions (km 171)

fuel price of road transportation mode [ transporting product i (£ 171)

general expenses of road transportation mode [ transporting product type i (£ d7!)

price of imported liquid hydrogen (£ kg™ Hy)

local delivery distance of hydrogen transportation mode [ in region g (km)

regional delivery distance of hydrogen transportation mode [ between regions g and g’ (km)
delivery distance of a onshore CO5 pipeline between regions g and g’ (km)
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Lor

lmargin
lutil
meq

n

n lofjg
np ?pjg

0
nsisjg

TUPipjt
TVUSis5t
ruti

max
scap;y;

min
scapisj
SCCisj

5P
SDii

teapi

delivery distance of a offshore CO5 pipeline between a collection point in region g and a reservoir
r (km)

distance margin for establishing a direct route between two non-adjacent regions (km)

load and unload time of road transportation mode ! transporting product type i (h)
maintenance expenses of road transportation mode [ transporting product type i (£ km™!)
economic life cycle of capital investments (y)

initial number of hydrogen filling stations of type f and size j for product type ¢ in region g
initial number of hydrogen production plants of technology p and size j producing product type
1 in region g

initial number of hydrogen storage facilities of type s and size j storing product type 4 in region

g
order of time period ¢ in the ordered set T

maximum capacity of a hydrogen production plant of type p and size j producing product type
i (kg Hy d71)

minimum capacity of a hydrogen production plant of type p and size j producing product type
i (kg Hy d71)

capital cost of a production plant of type p and size j producing product type i (£)
maximum flowrate in a local hydrogen pipeline of diameter size d (kg Hy d71)

maximum flowrate in a regional hydrogen pipeline of diameter size d (kg Hy d™!)

maximum flowrate in a onshore CO5 pipeline of diameter size d (kg COo d71)

maximum flowrate in a offshore CO; pipeline of diameter size d (kg CO2 d=1)

total capacity of reservoir r (kg CO2-eq)

initial CO5 inventory in reservoir r (kg CO3)

residual value of a local hydrogen pipeline of diameter size d built in time period ¢, calculated
at the final time (£ km™)

residual value of a regional hydrogen pipeline of diameter size d built in time period ¢, calculated
at the final time (£ km™)

residual value of an onshore CQO5 pipeline of diameter size d built in time period ¢, calculated
at the final time (£ km™)

residual value of an offshore CO5 pipeline of diameter size d built in time period ¢, calculated

at the final time (£ km™!)

residual value of a filling station of type f and size j for product type ¢ built in time period ¢,
calculated at the final time (£)

residual value of a hydrogen production plant of type p and size j producing product type i
built in time period ¢, calculated at the final time (£)

residual value of a storage facility of type s and size j storing product type ¢ built in time
period t, calculated at the final time (£)

residual value of road transportation mode [ of product type i acquired in time period ¢,
calculated at the final time (£ unit™)

maximum capacity of a storage facility of type s and size j storing product type i (kg Ho)
minimum capacity of a storage facility of type s and size j storing product type ¢ (kg Hs)
capital cost of a storage facility of type s and size j storing product type i (£)

local average speed of road transportation mode [ transporting product type ¢ within a region
(km h1)

regional average speed of road transportation mode [ transporting product type i between two
regions (km h™!)

capacity of road transportation mode [ transporting product type i (kg Hy unit™!)
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tce;;

tma;;

tmag;
UpCip;

USCisj

capital cost of establishing a road transportation unit of transportation mode [ delivering prod-
uct type i (£ unit™!)

local availability of road transportation mode [ transporting product i within a region (h d=1)
regional availability of road transportation mode [ transporting product i between two regions
(hd™)

unit production cost for producing product type 7 in a production plant of type p and size j (£
kg_l HQ)

unit storage cost for storing product type 7 in a storage facility of type s and size j (£ kg™ Hy
d-1)

Integer variables

IF gt
Ipipjgt
ISisjgt
ITU g1
NFifjgt
NPipjgt
NSisjqt
NTU;gt

NTU g4

investment of new filling stations of type f and size j for product type i in region g in time
period ¢

investment of new plants of type p and size j producing product type 4 in region ¢ in time
period ¢

investment of new storage facilities of type s and size j storing product type i in region g in
time period ¢

number of new transportation units of type [ and product type i for local transportation by
road in region gacquired in time period ¢

number of new transportation units of type [ and product type i for regional transportation by
road from regions g to ¢’ acquired in time period ¢

number of filling stations of type f and size j for product type ¢ in region g in time period ¢
number of plants of type p and size j producing product type ¢ in region g in time period ¢
number of storage facilities of type s and size j storing product type ¢ in region g in time period
t

number of transportation units of type [ and product type i for local transportation by road in
region ¢ in time period ¢

number of transportation units of type [ and product type i for regional transportation by road
from regions g to ¢’ in time period ¢

Binary variables

AY dgt
AYEgg, :
A—Yslgg’t

A:Yglgrt

Y dvgt

Yagg’t
Yiggre

Yagre

availability of hydrogen pipelines of diameter size d for local distribution in region g in time
period ¢

availability of a hydrogen pipeline of diameter size d between regions g and ¢’ in time period ¢
availability of a onshore COy pipeline of diameter size d between regions g and ¢’ in time period
t

availability of a offshore CO5 pipeline of diameter size d between collection point in region g
and reservoir r in time period ¢

establishment of hydrogen pipelines of diameter size d for local distribution in region ¢ in time
period ¢t

establishment of a hydrogen pipeline of diameter size d between regions ¢ and ¢’ in time period
t

establishment of a onshore CO, pipeline of diameter size d between regions ¢ and ¢’ in time
period ¢

establishment of a offshore CO5 pipeline of diameter size d between collection point in region
g and reservoir r in time period ¢

Continuous variables

CEC

carbon emissions cost (£)
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DEM
FC

FC
FCC
FOC
GC

GC
1c
IMP,,

LC

LC
MC
MC
pPCC
POC
PRipjgt

C\?ilgt
Qilgg’t
Qgg’t
ggrt
RCC
RIrt
ROC
STisjgt
TC

TCC
TOC

References

total demand for product type 4 in region g in time period ¢ (kg Hy d™1)

fuel cost for local transport (£)

fuel cost for regional transport (£)

facilities capital cost (£)

facility operating cost (£)

general cost for local transport (£)

general cost for regional transport (£)

international import cost (£)

flow rate of international import of product type i € {LHs} in region g in time period ¢ (kg Ho
d-1)

labour cost for local transport (£)

labour cost for regional transport (£)

maintenance cost for local transport (£)

maintenance cost for regional transport (£)

pipeline capital cost (£)

pipeline operating cost (£)

production rate of product type ¢ produced by a plant of type j and size p in region g in time
period t (kg Hy d71)

local flowrate of product type ¢ via transportation mode [ in region ¢ in time period ¢ (kg Hs
d-1)

regional flowrate of product type i via transportation mode ! between regions g and ¢’ in time
period t (kg Hy d71)

regional flowrate of CO2 via onshore pipelines between regions g and ¢’ in time period ¢ (kg
CO, d7h)

flowrate of CO2 via offshore pipelines from a collection point in region g to a reservoir r in time
period t (kg COy d71)

road transportation capital cost (£)

inventory of COs in reservoir r in time period ¢ (kg COz-eq)

road transportation operating cost (£)

average inventory of product type 4 stored in a storage facility of type s and size j in region g
in time period ¢ (kg Ha)

total supply chain cost (£)

transportation capital cost (£)

Transportation operating cost (£)

[1] P. Agnolucci, O. Akgul, W. McDowall, L. G. Papageorgiou, The importance of economies of scale, transport costs and
demand patterns in optimising hydrogen fuelling infrastructure: An exploration with SHIPMod (Spatial hydrogen infras-
tructure planning model), International Journal of Hydrogen Energy 38 (26) (2013) 11189-11201.

[2] O. Akgul, A. Zamboni, F. Bezzo, N. Shah, L. G. Papageorgiou, Optimization-Based Approaches for Bioethanol Supply
Chains, Industrial & Engineering Chemistry Research 50 (9) (2011) 4927-4938.

S14



