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ABSTRACT

This work studies the development of a sustainable hydrogen infrastructure that supports the transition
towards a low-carbon transport system in the United Kingdom (UK). The future hydrogen demand is
forecasted over time using a logistic diffusion model, which reaches 50% of the market share by 2070.
The problem is solved using an extension of SHIPMod, an optimisation-based framework that consists of a
multi-period spatially-explicit mixed-integer linear programming (MILP) formulation. The optimisation
model combines the infrastructure elements required throughout the different phases of the transition,
namely economies of scale, road and pipeline transportation modes and carbon capture and storage (CCS)
technologies, in order to minimise the present value of the total infrastructure cost using a discounted
cash-flow analysis. The results show that the combination of all these elements in the mathematical
formulation renders optimal solutions with the gradual infrastructure investments over time required
for the transition towards a sustainable hydrogen economy.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The energy sector faces a moment of great challenges to move
towards sustainable energy futures. Energy systems currently deal
with the depletion of natural resources, volatile international oil
prices, high pressures on energy security and damaged air quality
in congested cities (Floudas et al., 2016). The European Union addi-
tionally set the goal of reducing 1990 greenhouse gas (GHG) emis-
sion levels below the 80% by 2050. So, decisive measures are needed
to bring about low-carbon energy options. In the last decade, hydro-
gen has been widely discussed as a notable future alternative to
replace oil and natural gas delivering high-quality and clean energy
in transport and heat sectors (Marban and Valdés-Solis, 2007).
Hydrogen also has important applications in industry, energy stor-
age from intermittent sources like solar and wind power, and
stationary fuel cell systems. The relevance of hydrogen as an energy
carrier is because it can be generated from a variety of primary
energy sources, renewable and non-renewable, and hence it can
span the several phases of a transition towards energy futures that
meet sustainable goals (Ekins and Hughes, 2009). Even so, a major
difficulty is the high investment required for adapting the infras-
tructure of energy conversion, storage, distribution and end-use
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technologies, which will determine the position of hydrogen in the
coming years. This way, decision-support tools for hydrogen infras-
tructure design and operation are necessary to evaluate its mid- and
long-term economic viability and the associated mitigation of car-
bon emissions, so that public agencies and shareholders can back
the necessary investments and policy-making processes.

In the last decade, extensive literature has emerged addressing
the hydrogen supply chain (HSC) infrastructure design at differ-
ent spatial scales with a diverse level of detail (Agnolucci and
McDowall, 2013). In particular, the explicit representation of
the hydrogen network across geographical regions is decisive
to link the hydrogen production sites to the hydrogen storage
and supply locations and to determine accurate hydrogen trans-
portation requirements. Most of the works solve this problem
using optimisation-based approaches with spatially-explicit
mixed integer linear programming (MILP) models (Agnolucci
et al., 2013; Almansoori and Shah, 2009, 2012; De-Le6n Almaraz
et al., 2014, 2015; André et al., 2014; Dayhim et al., 2014;
Guillén-Gosalbez et al., 2010; Han et al., 2012, 2013; Hugo
et al.,, 2005; Johnson and Ogden, 2012; Kamarudin et al., 2009;
Kim et al., 2008; Konda et al., 2011, 2012; Li et al., 2008; Sabio
et al,, 2010, 2012; Samsatli et al., 2016), similarly to other con-
tributions in bio-energy supply chains (e.g. Akgul et al., 2012;
CuCek et al., 2014; d’Amore and Bezzo, 2016; Giarola et al.,
2011; Marvin et al., 2013; Yue et al,, 2014) and general energy
systems (Liu et al.,2011). Another key element in the infrastructure
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Notation . o
o e useful life of hydrogen and CO, pipelines (y)
Acronyms and abbreviations 'l useful life of hydrogen filling stations (y)
BG biomass gasification P useful life of hydrogen production plants (y)
ccs carbon capture and storage s useful life of hydrogen storage facilities (y)
CG coal gasification Tt useful life of hydrogen road transportation modes
GH; gas hydrogen {Trailer, Tanker} (y)
GHG  greenhouse gas . avyg initial availability of a local hydrogen pipeline of
HSC hydrogen supply chain e . . .
LH, liquid hydrogen o diameter size d in region g (0-1)
MILP mixed-integer linear programming B e initial avallablllty of aregional hydrogen pipeline of
SHIPMod spatial hydrogen infrastructure planning model diameter size d between regions g and g’ (0-1)
SMR steam methane reforming ay® initial availability of a onshore CO, pipeline of diam-
WE lectrolysi —s
water electrolysis eter size d between regions g and g’ (0-1)
ay® initial availability of a offshore CO, pipeline of diam-
Sets —dgr
deD diameter sizes of pipelines eter size d between collection point in regions g and
fer filling station types reservoir r (0-1)
g, g €G regions c\c/ca capital costs of a local hydrogen pipeline of diameter
1 el p.roduct types . . size d (£ km™1)
jed sizes of proglucnon, storage or filling facilities eec; capital costs of a regional hydrogen pipeline of
leL transportation modes . L= 1
: . diameter size d (£ km~1)
peP production technologies . . .
- cccy capital costs of an onshore CO, pipeline of diameter
rer reservoirs 4 ) 4
Ses storage technologies size d (£ km™!) )
teT ordered time periods cee, capital costs of an offshore CO, pipeline of diameter
ye{l,..,7Y} yearsineach time period - size d (£ km~1)
b crf capital recovery factor
Su s/ets iwhbouri ) cte carbon tax in time period t (£ kg~! CO,)
(8.8) eNSGxG neig Ouring regions . demg:  total hydrogen demand in region g in time period ¢t
(g,8') e cNC G x G connections between regions for onshore (kg Hy d-1)
CO pipelines . b . d dfct discount factor for capital costs in time period t
(& 1) ecr SGXR connections .etw_een regions and reser- dfo¢ summation of discount factors for operating costs in
voirs for offshore CO, pipelines time period t
(i,f.j) e IFTC I x F xJ combinations of product types, filling ~ . L .
. . . . dia, diameter of a local hydrogen pipeline of diameter
technologies and filling station sizes d .
(I, g, g)e LNCLxGxG connections between regions for _ size d(cm) ) o )
transportation modes diag diameter of a regional hydrogen pipeline of diame-
(i,p,j) € IPTC I x PxJ combinations of product types, pro- ter size d (cm)
duction technologies and plant sizes diay diameter of a onshore CO, pipeline of diameter size
(i,5,j) € ISTC I x s xJ combinations of product types, stor- B d(cm)
age technologies and storage sizes dia, diameter of a offshore CO, pipeline of diameter size
(I,g) e LGCL xG transportation modes in regions B
(i, ) e ILC I xL combinations of product types and trans- g(cm) .
portation modes dr dls.count rate (%) .
d e Dc D diameter sizes of local hydrogen pipelines dw firlverwage of roa'd translportatlon mode [ transport-
d € Dc D diameter sizes of regional hydrogen pipelines max ng product type.l (Eh™1) . .
d e DcD diameter sizes of onshore CO; pipelines fcapl.ﬁ maximum capacity of a filling station of type f and
d e Dc D diameter sizes of offshore CO, pipelines size j supplying product type i (kg H d-1)
g € PCG regions with major liquid freight ports fecig capital cost of filling station type f and size j for
product type i (£)
Parameters feir local fuel economy of road transportation mode [
o annual network operating period (dy~1) . transporting product type i within a region (km1-1)
B storage time interval (d) feq regional fuel economy of road transportation mode
yl%jt coefficient of CO, capture for producing product i by I transporting product type i between two regions
plant type p and size j in time period t (kg CO, kg1 (km 1_.1 ) ) )
H,) fpil fuel price of road transportation mode I transporting
yfpjt coefficient of CO, emission for producing product i product i (£1°") )
by plant type p and size j in time period t (kg CO, gej general expenses of road. transPortatlon mode [
ke~! Hy) transporting product type i (£ d=1)
. . . S )
1) ratio of pipeline operating costs to capital costs %p FHCT (ci)fllmport(igd liquid };ytiirggen (£ kg™! Hy) .
L maximum percentage of international hydrogen lg OC‘; le_ tvery 1staEce ofhydrogen transportation
imports over the total demand (%) i mode 1lndrel.glon gd(' m) f hvd
T duration of time periods (y) leg’ regional delivery 1stan§e of hydrogen transporta-
tion mode [ between regions g and g’ (km)
Please cite this article in press as: Moreno-Benito, M. et al, Towards a sustainable hydrogen economy:

Optimisation-based framework for hydrogen infrastructure development.

http://dx.doi.org/10.1016/j.compchemeng.2016.08.005

Computers and Chemical Engineering (2016),



dx.doi.org/10.1016/j.compchemeng.2016.08.005

G Model

CACE-5537; No.of Pages18
M. Moreno-Benito et al. / Computers and Chemical Engineering xxx (2016) XXx—-xxx
Loy delivery distance of a onshore CO; pipeline between TVt residual value of road transportation mode [ of prod-
regions g and g’ (km) uct type i acquired in time period ¢, calculated at the
! delivery distance of a offshore CO, pipeline between final time (£ unit~1)
a collection point in region g and a reservoir r (km) scapl'.;f‘" maximum capacity of a storage facility of type s and
Imargin ~ distance margin for establishing a direct route ~ sizej storing product type i (kg Hz)
between two non-adjacent regions (km) scapg‘j‘“ minimum capacity of a storage facility of type s and
lut load and unload time of road transportation mode [ size j storing product type i (kg Hy)
transporting product type i (h) SCCisj capital cost of a storage facility of type s and size j
me;; maintenance expenses of road transportation mode storing product type i (£)
[ transporting product type i (£ km~1) Spil local average speed of road transportation mode [
n economic life cycle of capital investments (y) transporting product type i within a region (kmh~1)
n l%g initial number of hydrogen filling stations of type f SDil regional average speed of road transportation mode
and size j for product type i in region g I transporting product type i between two regions
pgy.g initial number of hydrogen production plants of (kmh-1)
technology p and size j producing product type i in tcapy  capacity of road transportation mode I transporting
region g pro@uct type i (kg Hy gniF‘1 ) .
nsd;, initial number of hydrogen storage facilities of type tecy capital cost of establishing a road transportation
s and size j storing product type i in region g unit prtrar}sE)1ortat10n mode [ delivering product
ot order of time period t in the ordered set T — ;ypell ( 9“'1;,1,) ¢ d . de |
pcap™@*  maximum capacity of a hydrogen production plant tmay oca ava}la ity o roa ‘tranqurtatlon mode
P of type p and size j producing product type i (kg H transporting product i within a region (h d-1)
d_f)/p p JP &P yp &2 tmay regional availability of road transportation mode
pcap?;}“ minimum capacity of a hydrogen production plant éhtdr;irlliportmg product i between two regions
oijpe p and size j producing product type i (kg H, upciy;  unit production cost for producing product type i in
d ) . . a production plant of type p and size j (£ kg~! Hy)
pecipj - capital cost of a production plant of type p and size usci;  unit storage cost for storing product type i in a stor-
j producing product type i (£) o age facility of type s and size j (£ kg~! H, d~1)
qg'ax maximum flowrate in a local hydrogen pipeline of
diameter size d (kg Hy d—1) Integer variables
ﬁgﬁx maximum flowrate in a regional hydrogen pipeline IFifigr investment of new filling stations of type f and size
of diameter size d (kg H, d-1) ] for product type i in region g in time peripd t‘
gg‘ax maximum flowrate in a onshore CO, pipeline of [Pipjgr mvgstment of new p.lz.ints O,f typg p fmd S1z€ J pro-
4 ] ) ducing product type i in region g in time period t
nax dlarr}eter size d (kg CQZ d-") o ISijgr investment of new storage facilities of type s and
q maximum flowrate in a offshore CO, pipeline of size j storing product type i inregion g in time period
= . . t
-1 —
max diameter S{zeg(kg €O, d ) ITUj,¢  number of new transportation units of type ! and
rcap” total capacity of reservoir r (kg CO2-eq) & . . .
0 . . . . product type i for local transportation by road in
Ti initial CO, inventory in reservoir r (kg CO5) . . .. .
— . Lo . region g acquired in time period t
ey, residual value of a local hydrogen pipeline of diam- O b £ . its of | and
e d built in ti od ¢ calculated 0 iiggt number of new transportation units of type [ an
eter size d bul tj? time period ¢, calculated at the product type i for regional transportation by road
o final time (Ekm~1) ) o from regions g to g’ acquired in time period t
Ve, residual value of a regional hydrogen pipeline of NFjsee  number of filling stations of type f and size j for
diameter size d built in time period ¢, calculated at product type i in region g in time period t
the final time (£ km~1) NPyje  number of plants of type p and size j producing prod-
VCyt residual value of an onshore CO, pipeline of diam- uct type i in region g in time period t
eter size d built in time period t, calculated at the NSisiee  number of storage facilities of type s and size j stor-
final time (£ km~1) ing product type i in region g in time period t
e, residual value of an offshore CO, pipeline of diam- IVTTJHgt number of transportation units of type [ and product
N eter size d built in time period t, calculated at the S/rﬁi lpfeorrié(chctal transportation by road in region g in
ﬁna.l time (£ km™1) . . o NTUjjgq, number of transportation units of type [ and prod-
rvfige  residual value of a filling station of type f and size j uct type i for regional transportation by road from
for product pre i built in time period ¢, calculated regions g to g’ in time period t
at the final time (£)
Vpjpje  residual vdalqe of a t;ydrpgen pcrloduction .p;arlllt F)f Binary variables
type p and size j producing product type i built in Av- labilitv of hvd iveli fdi ter size d
time period t, calculated at the final time (£) dgt ?Vai a 11 ldy? .byt.rog.en plge me,s Ot, lame .erjltze
TVSisje residual value of a storage facility of type s and size vz or ,?C;,l,tls rfl uhlodn n reglgnf n 1?1;, perlg .
j storing product type i built in time period t, calcu- dgg't E_“’al ability of a hydrogen pipeline of diameter size
lated at the final time (£) d between regions g and g’ in time period t
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4
AY j0;  availability of a onshore CO, pipeline of diameter
size d between regions g and g’ in time period t
gdgn availability of a offshore CO, pipeline of diameter
N size d between collection pointinregion g and reser-
voir r in time period t
Yagt establishment of hydrogen pipelines of diameter
size d for local distribution in region g in time period
t
?Egg’t establishment of a hydrogen pipeline of diameter
size d between regions g and g’ in time period ¢
Y4eer  establishmentofaonshore CO, pipeline of diameter
size d between regions g and g’ in time period t
Yoot establishment of a offshore CO, pipeline of diame-

ter size d between collection point in region g and
reservoir r in time period t

Continuous variables

planning is the distribution of hydrogen at the local scale. For
the transport sector supply, this is related with the optimal
sitting of refuelling stations and can be solved by minimising the
average distance to the filling facilities or maximising the passing
traffic flows therein (Agnolucci and McDowall, 2013; Upchurch
and Kuby, 2010). Although losing some degree of detail, local
considerations have also been integrated in regional-scale prob-
lems based on average distances and local flowrate calculations
(Agnolucci et al., 2013; Almansoori and Shah, 2012) or refining the
spatial discretisation (De-Le6n Almaraz et al., 2014). The use of
MILP optimisation-based strategies for solving the infrastructure
problem with regional and local scale considerations is the focus
of this work.

In addition to the spatial attributes, the infrastructure opti-
misation also requires the definition of the network design and
operation over the several phases of the transition. The adoption of
hydrogen as energy carrier is a slow process that needs to overcome
many social, technological and economic barriers. For instance,
the transitions to new types of vehicle and fuel in the passen-
ger transport sector are historically slow and this has important
cost implications in terms of under-utilised capital, as discussed by
Agnolucci and McDowall (2013). Then, the infrastructure require-
ments of the early years of the transition are considerably lower
to the later requirements with higher hydrogen market pene-
tration. Several of the prior studies on hydrogen infrastructure
optimisation examine the spatial and temporal deployment simul-
taneously using multi-period spatially-explicit MILP formulations.
However, only a minority perform a discounted cash flow analy-
sis and take into account the residual value of the infrastructure,
which is decisive for evaluating the economic performance with
expenses incurred at different times without biasing the infrastruc-
ture deployment towards solutions with large initial investment.
Likewise, given the high capital requirements, the useful life of
the production, storage, filling and transportation elements has a
significant influence in the infrastructure evolution, even if it is
typically assumed to be infinite.

Moreover, the cost of the HSC infrastructure highly depends on
the hydrogen delivery form (Yang and Ogden, 2007). The storage
and transportation of hydrogen is challenging due to its low volu-
metric energy density at standard temperatures and pressures, thus
requiring transportation technologies that increase its value. The
three principal transportation methods are compressed gas trailers,
cryogenic liquid tankers and gas pipelines (Dodds and McDowall,
2012).Liquid tankers are a popular alternative for delivering hydro-
gen at arelatively low cost with small capital expenses beforehand.
Hydrogen pipelines require larger investments in advance but are
the most cost-effective method of delivering large flow rates of
hydrogen over short times and long distances. In contrast, com-
pressed hydrogen road transportation is argued to be the less
efficient alternative, but necessary for carrying small hydrogen
amounts over short distances during the first years of the tran-
sition. Many of the above mentioned works include compressed or
liquid road transportation, quantifying the number of transporta-
tion units based on the mathematical formulation by Almansoori
and Shah (2009). Hydrogen delivery via pipelines has been also
studied (Johnson and Ogden, 2012; Samsatli et al., 2016). How-
ever, the efforts for simultaneously considering pipelines and road
transportation modes (André et al., 2014; Han et al., 2012, 2013;
Kim et al., 2008; Konda et al., 2011; Sabio et al., 2010, 2012) are
critical for the study of the infrastructure evolution in transition
timeframes.

Hydrogen can be obtained from several primary energy sources,
including intermittent renewable sources and biomass, as well as
coal and natural gas. Since there is still a high presence of fos-
sil resources as a cost-effective feedstock, while renewable source
infrastructures like wind and solar farms continue developing,

CEC carbon emissions cost (£)

DEM;g  total demand for product type i in region g in time
period t (kg Hy d—1)

FC fuel cost for local transport (£)

FC fuel cost for regional transport (£)

FCC facilities capital cost (£)

FOC facility operating cost (£)

GC general cost for local transport (£)

GC general cost for regional transport (£)

1IC international import cost (£)

IMP;g;  flow rate of international import of product type i e
{LH,} in region g in time period t (kg H, d~1)

IC labour cost for local transport (£)

LC labour cost for regional transport (£)

MC maintenance cost for local transport (£)

MC maintenance cost for regional transport (£)

PCC pipeline capital cost (£)

POC pipeline operating cost (£)

PRiyjer  productionrate of product type i produced by a plant
of type j and size p in region g in time period t (kg
Hj d-1 )

Q,-,gt local flowrate of product type i via transportation
mode | in region g in time period t (kg Hy d—1)

@,ggrt regional flowrate of product type i via transporta-
tion mode [ between regions g and g’ in time period
t(kgHy d 1)

ggg, . regional flowrate of CO, via onshore pipelines
between regions g and g’ in time period t (kg CO,
d-1)

Qo flowrate of CO, via offshore pipelines from a collec-
tion point in region g to a reservoir r in time period
t(kg CO; d1)

RCC road transportation capital cost (£)

Rl inventory of CO, in reservoir r in time period t (kg
C0Oz-eq)

ROC road transportation operating cost (£)

STisjgr average inventory of product type i stored in a stor-
age facility of type s and size j in region g in time
period t (kg Hy)

TC total supply chain cost (£)

TCC transportation capital cost (£)

TOC transportation operating cost (£)
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it is necessary to isolate the CO, emissions by means of carbon
sequestration technologies. Significant research has been devoted
to the study of hydrogen production with CO, capture (Voldsund
et al., 2016) and the modelling of carbon capture and storage
(CCS) networks that connect carbon sources and geologic storage
reservoirs via pipelines (Elahi et al., 2014; Middleton and Bielicki,
2009). However, few works address the HSC optimisation while
accounting for the costs of CCS technologies in hydrogen pro-
duction from fossil fuels (Han et al., 2013; Konda et al., 2011)
and less contributions integrate the simultaneous optimisation
of CCS pipelines and reservoirs (Agnolucci et al., 2013). Specifi-
cally, the trade-off between the hydrogen and CCS networks is an
important factor in the optimal spatial structure of the hydrogen
system.

Finally, economies of scale represent cost advantages that are
obtained depending on the production size; this means decreasing
capital costs per hydrogen production/transportation rate for
increasing capacities. In particular, the comparison of multiple
hydrogen production data illustrates a decrease in the capital cost
per production rate with the increase of the plant size. Scales in
production have been considered by some contributions in the
state-of-the-art (Agnoluccietal.,2013; Almansoori and Shah, 2009,
2012; De-Leén Almaraz et al., 2014, 2015; Johnson and Ogden,
2012; Kondaetal,,2011,2012)and are necessary for comparing the
advantages of centralised versus distributed production, as well as
the impact in the transportation costs.

Even though most of the aspects of the HSC infrastructure
have been covered in the literature, there is no reported for-
mulation for optimising simultaneously the range of production
technologies, scales, transportation modes and CCS elements
across time and space. Such an approach will be required to
manage a gradual penetration of hydrogen demand and tight-
ening CO, emission budgets. So, an open question that remains
under discussion is how the hydrogen infrastructure will back
the transition towards long-term sustainable hydrogen economies
while guaranteeing short- and mid-term system manoeuvrabil-
ity, starting from current carbon-based economy. In this work, we
present an optimisation-based framework consisting of a multi-
period spatially-explicit MILP formulation that solves the hydrogen
infrastructure development over changing timeframes. The math-
ematical formulation extends a previous model proposed by the
authors (Agnolucci et al., 2013) and includes road transportation
of liquid and compressed hydrogen, and small/distributed produc-
tion scales - for earlier phases of the transition - and high-capacity
hydrogen pipelines and medium/large production plants - for
later phases. Hydrogen production from fossil fuels and biomass,
with and without carbon capture, and from renewable electric-
ity is considered, together with international imports. Hydrogen
delivery is quantified at local and regional levels. The optimisa-
tion of the CO, pipelines and reservoir levels is also included
in the formulation. Moreover, a discounted cash flow analysis
with residual values and equipment useful life is performed. By
optimising all these decisions simultaneously, it is possible to eval-
uate the trade-off among all the infrastructure alternatives over
time.

The remaining of this paper is organised as follows: The problem
statement and hydrogen pathways are presented in Section 2 and
the mathematical model is described in Section 3. Section 4 details
the hierarchical procedure used for solving the optimisation prob-
lem. A case study tackling the hydrogen infrastructure optimisation
for the passenger sector in the UK is presented in Section 5 and the
results are discussed in Sections 6-8. There, the role of the diverse
elements included in the optimisation framework is evaluated by
comparing several scenarios with different economic, delivery, CCS
and hydrogen import assumptions. Finally, the concluding remarks
are drawn in Section 9.

2. Problem statement

The goal of this work is to design optimal HSC infrastructures
over a planning horizon in order to satisfy the growing hydrogen
demand and tightening GHG emission targets that characterise the
transition towards a sustainable hydrogen economy. The optimi-
sation problem includes design decisions regarding the location,
technology and scale of hydrogen production plants, storage facil-
ities and filling stations, as well as the selection, capacity and
connectivity of hydrogen transportation modes, the characterisa-
tion of the CCS system and the definition of international imports.
The problem is formalised as follows. Given:

the hydrogen demand per region and time period over a fixed

time horizon;

the set of available hydrogen production, storage and filling tech-

nologies for liquid and compressed product forms, as well as their

capacity at different scales;

the set of connections between regions, the set of local and

regional hydrogen transportation modes, the delivery distance in

each region and between regions, and the capacity of road trans-

portation units and hydrogen pipelines with different diameters;

e the CO, emission and capture factors, the set of regions with CO,
collection points, the distance between regions and from collec-
tion points to reservoirs for onshore and offshore CO, pipelines,
and the capacity of reservoirs and CO, pipelines with different
diameters;

¢ the set of regions with major liquid freight ports;

the capital and unit processing costs of each technology type,

transportation mode and scale, the carbon tax, the price of liquid

hydrogen imports, the interest rate and the residual values at the

end of the time horizon;

the goal is to determine:

¢ the endogenous relation of liquid and compressed hydrogen
demand;

e the location, type, scale and number of hydrogen production
plants, storage facilities and filling stations, as well as the hydro-
gen production rates and stored amounts;

e the connections between regions, hydrogen transportation
modes, transportation units, pipeline diameters and flowrates of
local and regional hydrogen supply;

e the connections, pipeline diameters, and flowrates of onshore
and offshore CO, pipelines, as well as inventory levels of CO,
reservoirs;

¢ the international import of liquid hydrogen in each freight port;

such that the total cost of the HSC infrastructure is minimised,
including the discounted capital and operating costs of facilities,
road transportation units, hydrogen and CO, pipelines, carbon
emission costs, and expenditure on international imports, as well
as their corresponding residual values.

The adaptability of the supply chain is leveraged in this study
by considering several production technologies, transportation
modes, economies of scale and product forms. Fig. 1 summarises the
hydrogen and CO, pathways included in the optimisation frame-
work. It shows the versatility of hydrogen as an energy carrier,
as it can be obtained from several production technologies and
primary energy sources, including water electrolysis (WE), pow-
ered by a grid mix inclusive of intermittent renewable sources,
steam methane reforming (SMR), and the gasification of coal (CG)
or biomass (BG). While renewable energy technology continues
developing, fossil resources can be used as a cheaper feedstock.
However, to adapt the hydrogen production to the available pri-
mary energy sources without jeopardising the reduction of carbon
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Fig. 1. Hydrogen and CO, pathways included in the optimisation framework.

emissions, a part of CO, emissions should be isolated through CCS
technologies and transported to sub-sea reservoirs via onshore and
offshore pipelines. Specifically, SMR with post-combustion capture
and CG/BG with pre-combustion capture, including water gas shift
reaction and a physical separation process like adsorption, are con-
sidered. This framework focuses on CO, sequestration, and other
gases like CO, CH4, or N,O are out of the scope. Another path-
way examined here is the international import of liquid hydrogen.
This alternative helps to fulfil increasing hydrogen demands while
reducing the under-utilised capital in the early phases of the tran-
sition through the delay of some large-scale investments.

The suitability of hydrogen delivery options depends on the
hydrogen market penetration and, therefore, is likely to change
over time. The three transportation methods considered here are
GH, trailers, LH, tankers and GH, pipelines. Road transportation
of liquid hydrogen is a relevant alternative for short distances and
small volumes, whereas gas pipelines are the most cost-effective
transmission mode for long distances and large hydrogen flowrates.
However, they present significant economies of scale, so road trans-
portation of compressed hydrogen can be used as a more flexible
backup in early periods. Hence, it is essential to include the produc-
tion, transportation and storage of both liquid and gas hydrogen
forms. In all cases, it is produced and warehoused in a strate-
gic distribution site in each region, which is connected to other
areas through transmission routes. From there, hydrogen is dis-
tributed locally to scattered demand centres for its supply. Three
types of filling stations are considered, i.e. LH,-GH, stations receiv-
ing hydrogen by tanker, GH,-GH, stations receiving hydrogen by
trailer or pipe, and GH,-GH, stations with on-site production.

3. Mathematical model

The hydrogen infrastructure development problem is solved
using an extension of the mathematical programming frame-
work ‘spatial hydrogen infrastructure planning model’ (SHIPMod)
proposed by Agnolucci et al. (2013), which consists of a multi-
period spatial-explicit MILP model. Such an optimisation-based
framework is enhanced in this work in several ways. First, the
extension incorporates the useful life of the infrastructure elements
to represent accurately transition horizons (Section 3.2). Second,
the extended framework considers additional hydrogen delivery
modes - i.e. transmission and distribution pipelines - (Section 3.6)
and international imports (Section 3.7), which are key elements
in the mid- and long-term transition towards a hydrogen future.

Third, road transportation units are now defined by integer vari-
ables instead of continuous ones (Section 3.5). Fourth, the local
transportation assumptions are modified to consider hydrogen dis-
tribution from a central distribution site — where the hydrogen
is either produced or introduced from other regions - to dis-
persed filling stations in each region (Section 3.3). Finally, another
improvement is the revision of the regional transportation con-
straints to adopt a ‘neighbourhood flow’ approach (Akgul et al.,
2011) that allows long-distance hydrogen transmission through
intermediate regions (Section 3.4).

3.1. Model overview

The detailed HSC superstructure in each geographical region
g € G and reservoir r € R in period t € T is illustrated in Fig. 2. The
different components are detailed next. The values of all the model
parameters are gathered in the Supplementary Material.

Hydrogen production and import. The superstructure starts with a
set of hydrogen production technologies, with and without carbon
capture:

P={SMR, SMR-CCS, CG, CG-CCS, BG, BG-CCS, WE}. Each of these
technologies can be designed at different production scales:

J = {Distributed, Small, Medium, Large}, and generates hydro-
gen in liquid (LH;) or gas (GH,) physical forms and CO,, which is
emitted to the atmosphere or isolated with CCS technologies. The
CO,, outflows are calculated with emission and capture factors fpjt
and y,.;jt, which assume that all the CO, generated in the conversion
process can be separated, unlike the one associated with electric-
ity consumption. The total emissions are penalised with a carbon
tax (ct;). The combination of production technologies and scales
for each product form is defined by the subset IpJ C 1 x P x J. The
hydrogen production rate (PR;pj) in each period and region is con-
strained by the number of available plants (NP;,js), characterised by
minimum and maximum capacities (pcapg;ji“ and pcap;‘;jf*x), capital
cost (pccip;) and unit production expenses (upci,;), inclusive of liq-
uefaction and carbon capture technologies. Alternatively, LH; can
be imported from overseas with a price (ip) and flowrate (IMP;g; ) in
the set of regions p € ¢ with major liquid freight ports.

Hydrogen transmission. Hydrogen can be transferred between
neighbouring regions (g, g') € N at aregional scale. The transporta-
tion modes considered in this framework are:

L= {Tanker, Trailer, Pipe}. The combination of hydrogen phys-
ical forms and delivery modes is represented by the subset
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Fig. 2. Superstructure of the HSC infrastructure for each region g and reservoir r in period t addressed in the optimisation framework.

ILC I x L. Additionally, the subset LNC L x G x G denotes the pos-
sible delivery forms for each connection. Hydrogen transmission is
defined by regional flowrates (Qg,,). In road transport, this vari-

able is determined by the number of transportation units (NTU”gg/t)
and their capacity (tcap;y), as detailed in Section 3.5. Moreover, road
delivery costs are related with parameters like the regional deliv-
ery distance (I,gg/ ), driver wage (dwy;), fuel price (fp;;), general (ge;;)
and maintenance (me;;) expenses, load and unload time (lut;;), fuel
economy (E,-,). average speed (sp;), availability (tma;), and capital
cost of establishing a new road transportation unit (tcc; ). In pipeline
transportation, hydrogen flowrate is constrained by the availabil-
ity (AY ) of a pipe of diameter diag,d € D and its maximum
flowrate (g3'**), where typical pressure drops and pipe lengths are
considered implicitly. The associated economic parameters consist
of the capital cost per kilometre (ccc,) and the ratio of operating
costs to capital expenses (8), as explained in Section 3.6.

Storage facilities. Each region has a central warehouse for hydro-
gen storage using established technologies, namely cryogenic
liquid and compressed gas storage:

s={LH, Storage, GH, Storage}. The combination of potential
technologies and scales for each product form is defined by the
subset 1sJ C T x S x J. The average inventory levels (STjsje) in each
region and time interval are constrained by the number of available
facilities (NSjsjer) and are designed to cover the hydrogen demand
(DEMg;) corresponding to a predefined storage period (8), which is
used to accommodate plant interruptions and fluctuations in sup-
ply and demand. Each type of storage facility is characterised by
a minimum and maximum capacity (scapg}i“ and scapg}ax), capital
cost (sccisj) and unit storage expenses (UscCig;j).

Hydrogen distribution. The transportation modes for local hydro-
gen distribution are the same than regional transmission modes
and are represented in each region by the subset LG C L x G. Like-
wise, local transportation is defined by local hydrogen flowrates
( Qilgt)v the number of road transportation units (IVT/U,-,gt) and avail-
ability of local hydrogen pipelines (/det) of diameter Ei?ld, deD.

Filling stations. Hydrogen for the transport sector is supplied in
filling facilities of the following types:

F={LH,-GH;, GH,-GH,, GH,-GH, (distributed)}. The combi-
nation of technologies and scales for each product form is defined
by the subset TFJC 1T x F x J. Given the total hydrogen demand
demyg, the fraction of liquid and gas (DEM;g) is an endogenous
decision linked to several factors like production scales and hydro-
gen transportation requirements and is limited by the number of
available facilities (NFyjg, ) with a maximum capacity (fcap}}j‘ax) and
capital cost (fecig).

CO, transmission. The optimisation framework also includes the
planning of onshore CO, pipelines between neighbouring connec-
tions (g, g') e cNC G x G and offshore pipelines between regions
with CO; collection points and reservoirs (g, r) € GRCG x R. Like
in the case of hydrogen transmission, onshore and offshore CO,
transportation is characterised by flowrates (ggg,t and ggrt) and
availability of pipelines (zﬂdgg/tandgdgrt)ofdiameters@d, deD
and @d, d e D, respectively.

CO, reservoirs. The CO, is sequestrated in sub-sea reservoirs
r € R. Their inventory level (RI;¢) is constrained by the maximum
capacity (rcap¥).

Objective function. The optimisation framework seeks to min-
imise the discounted total cost (TC), including capital investments
to install new facilities (FCC) and the corresponding operating costs
(FOC), capital expenditure (TCC) and operating costs (TOC) of hydro-
gen and CO, transportation, carbon emissions costs (CEC), and
international import expenses (IIC), as follows:

TC = FCC + TCC + FOC + TOC + CEC +1IC, (1)

where transportation costs are composed of road delivery and
pipeline contributions (TCC=RCC+PCC and TOC=ROC+POC). In
addition to performing a discounted cash flow analysis in each
period t, the residual values of infrastructure capital assets at the
end of the planning horizon t¢ are deducted. These are calculated
using the sum-of-years-digits depreciation function.

The complete multi-period spatial-explicit MILP formulation of
SHIPMod expansion is presented in the Supplementary Material.
The extensions of the formulation by Agnolucci et al. (2013) newly
addressed in this work are detailed next.
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Fig. 3. Local transportation with central warehouses and distributed filling stations.

3.2. Useful life and equipment availability

The availability of production, storage, filling station facilities
and transportation modes is subject to the useful life of the equip-
ment. For instance, the number of production plants (NPjg) in
region g during period t is determined by the available plants in
the preceding period t— 1, the number of newly installed facili-
ties in t and the ones installed in t —tP, whose useful life YP has
finished:

NP;

inigt = NPipjg.c—1 + IPipjgr — IPipjg,tfthj’ v(i,p,j) € 1P,

geGtel, (2)

where tlf;j is equal to YP/Y, where T is the number of years in each
period. The number of plantsin t — 1inthe firstinterval corresponds
to the zero condition, i.e. the plants that have been installed before
the planning horizon under study. Equivalent equations are defined
to determine the number of storage facilities (NS;sje; ), filling stations
(NFifg), and local and regional hydrogen road transportation units

(I\\Iﬁli,g[ and NTUj,,,) in region g or between regions g and g', with
lifetimes Y, Y/ and Y, respectively. Likewise, the availability of
hydrogen (Angt and Angg ¢)and CO; pipelines (Angg . and AYd rt)
in region g, or between regions g and g’ or reservoir r, is deﬁned
by analogous equations with a lifetime Y. These constraints are

detailed in the Supplementary Material (Eqs. S30, S33, S36, S39,
S40, and S45-548).

3.3. Local transportation assumptions

Local hydrogen distribution in each region is assumed to be
transported from a central warehouse, located in a highly populated
city, to dispersed filling stations, as shown in Fig. 3. Therefore, the
total hydrogen flowrate at the local level (ngt) equals the hydrogen
demand supplied in filling stations (DEM;g;) and can be carried via
road transportation or via pipelines according to:

DEMg; = Z Qugt» VY iel, g€G, teT

LG, ell
A(Lg)eLG

(3)

Regarding the local delivery distances (T,g), these are calculated as
the geometrical radius of the total area of each region g. For practical
purposes, this local arrangement affects the calculation of the deliv-
ery costs, the number of road transportation units and the pipeline

capacity requirements. For instance, the local fuel cost is calculated
as follows:

-y Y Y % dfotafp,vng"gt

teT | ¢ (Trailer, &:(L.g)eLG i:(i,Dell Jei teapy

Tanker}

(4)

where dfo; is the summation of discount factors for operating costs,
whose calculation is detailed in the Supplementary Material (Eq.
S4), and « is the annual operating period. Other operating road
expenses are the general (EE), labour (LVC) and maintenance (IVI/C)
costs, which are calculated similarly, as detailed in the Supplemen-
tary Material (Egs. S13, S15, S17 and S19). The number of delivery
units and their purchase cost also depend on local flowrates and
distances, as presented in Section 3.5. As for local hydrogen pipes,
their expenses are determined by the pipeline length and diameter,
with the latter being selected according to the maximum flowrate
capacity as explained in Section 3.6.

3.4. Regional transportation assumptions

The ‘neighbourhood flow’ approach (Akgul et al., 2011) consists
of the definition of a subset of connections (g, g') € NC G x G where
each region g € G is only linked to divisions g’ € G characterised
by being adjacent, as opposed to a full connectivity matrix G x G
where all regions are connected, which would increase the combi-
natorial part of the problem. With this strategy, a material can flow
from the origin to the destination point by the addition of sequen-
tial neighbourhood flows (Agnolucci et al., 2013). Even though a
long-distance flow through intermediate regions is devised as an
essential feature, many previous contributions addressing the HSC
problem have constrained this capability by forcing all the input
hydrogen flowrates to a region to be consumed in that region. The
optimisation framework presented here allows the product to flow
through intermediate regions as it does not define any constraints
on input flowrates.

3.5. Road transportation units

Hydrogen road transportation takes place through a discrete
number of GH,, trailers and LH;, tankers at both local and regional
scales. The number of transportation units (NTU;ig and NTUje01;)
required for moving hydrogen type i via road transportation mode
l'in region g or between regions g and g’ in period t has to be able
to carry hydrogen flowrates (Qg and Qilgg/t) and is subject to the
go and return distances (271g and Zflggr ), the unit capacity (tcap;;),
the transportation mode availability (tmay and tmaj), the average
speed (sp; and 5p;;) and the load and unload time (lut;) as follows:

Qllgt

tma,, tcapj
i:(i,)ell,g:(l,g) e LG, t € T,

2]
NTU,,gt <v'g +lut,~l> , VI e {Trailer, Tanker},
SDbil

(5)

__ Qifpe 21
L p— __Cilegt Zleg’ + luty VI e {Trailer, Tanker},
tma; tcap,-l SP,]
i:(i,)ell (g, g):(l,g,g)eIN,t eT. (6)

The number of available delivery units depends on the purchased
units (Fffji,gt and ITUy,,,) in each period, with a useful life ¥,
according to evolution constraints similar to Eq. (2) (Eqs. S39-S40
of the Supplementary Material). The road capital cost (RCC) associ-

ated with the acquisition of new trailers and tankers is part of the
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total infrastructure expenses assumed by the investor, and is cal-
culated from the capital cost (tcc;) of each unit in period t minus
the residual value (rvt;,) at the end of the planning horizon t¢:

Ree = Z Z Z Z (dfe, tecy — dfcee vty ) TUjg;

teT | ¢ {Trailer, &:(Lg)elG i:(il)ell
Tanker}
+ Z Z E E (dfc, tecy — dfcge Tvty)
teT | ¢ (Trailer, (&8):(.g.g)eLN i(i,)ell
Tanker}
X ITUIlggtv )

where dfc; and dfc. are the discount factors for capital costs in
period t and final time t¢, whose calculation is detailed in the Sup-
plementary Material (Eq. S3).

3.6. Hydrogen and CO, pipelines

Compressed hydrogen can also be transferred at local and
regional levels via distribution and transmission pipelines. More-
over, onshore and offshore CO, pipelines are required for carrying
the CO, captured in hydrogen production plants to sub-sea reser-
voirs. The availability of pipelines of diameter size d € D, D, D or

D in region g, or between regions g and g’ or reservoir r in period t
is represented by binary variables Angt, Angg 1 AY 4ggrr and AYd "
for each type of pipeline. Then, hydrogen and CO, flowrates (Qllg[,

Qilge't: Qggt, gg ) are limited by the maximum capacity of the

selected diameter (G7'%%, g%, a7, g;“a"):

Qugr = Y 7™ AV e, V1 € (Pipe), i € (GHy),
deD

g:(l,g) elG,teT, (8)

Quigg't < qu‘axAnggt, V1 e {Pipe},i € {GHa},
deD

(g,8):(l,g,g) e LN, t € T, (9)

Qe = O AT¥AYyppr, V(g,8) e Nt ET, (10)
deD
max
Q. Zq AY, . V@reCGRteT (11)

deD

Only one diameter size d can be installed for any type of pipelines
over the whole timeframe:

Zﬁ?dgt <1, Vg:(Pipe,g) e IG,t e T, (12)
deD
D Ay =1, Vig.g): (Pipe,g g) e IN,t € T, (13)
deD
DAYy =1, V(g g)e N teT, (14)
deD
nggrt <1, VY(@gr)eGRteT (15)

deD

Pipeline availability depends on the installed pipes in each period
(Vagr, nggr[, Y jger and ldgrt) with a useful life Y€, according to
evolution constraints equivalent to Eq. (2) (Eqs. S45-S48 of the
Supplementary Material). The newly installed pipeline sections
determine their total capital cost (PCC) as a function of the pipe
diameter and length. In particular, PCC is calculated taking into
account the capital cost per kilometre of pipelines with diameter
size d (cccy, €ccy, cccy and ccc ) in period t minus the residual val-

ues per length unit (rvcdt. TVCqe, 1VC4 and e, ) at the end of the
planning horizon t¢.

PCC = Z Z Z Z dfc, cecy — dfcee Tdef) lg¥ ggr

teT le{Pipe} g:(1.g)elG deb

4 Z Z Z Z dfct cccy — dfcee rvcd[) L Yagg't

teT le(Pipe} (g.2):(l.g.g)elN 4D

+Z Z Z (dfe ccy — dfere 1vey ) Loy Y gt

teT (g.g)eCN deD

+Z Z Z dfe, cec, — dfee Ed[) LYy (16)

teT (gr)eGR deD

where Lg, 7lgg/, lge and igr denote the distance of hydrogen and
CO,, pipeline connections. The pipeline operating cost (POC) com-
prises labour, administration and maintenance expenses. Energy
consumption is not included because compression requirements
to guarantee pipeline input and output pressures are assumed to
be part of the hydrogen production facilities and filling stations.
Thus, the operating cost is calculated as a proportion (§) of capital

expense annuities as follows:

POC = Z Z Z Z dfo, 8 crf cccy l,g AY dgt

teT le{Pipe} g:(l,g)elG deD

+> ) > > dfo, S crf TCq gy A gy

teT le{Pipe} (g.g'):(l.g,g)eLN gD

+Z Z deoﬁcrfgdlgg AY oot

teT ")eCN deD

+Z Z deot(Scrfccclr,ﬂdgrt (17)

teT (gr)eGR deD

where crfis the capital recovery factor, whose calculation is detailed
in the Supplementary Material (Eq. S5).

3.7. International import

The total international import of LH; is constrained by the fol-
lowing equation:

Z Z IMPjg, < ¢ Zdemgt, Vi eT, (18)

geP ie{lHy) geG

where ¢ is the percentage of hydrogen that can be purchased abroad
over the total demand in each period t. The cost of imported hydro-
gen (IIC) is calculated as a function of the price (ip) and inflow
(IMP;g;) of overseas LH; in time interval t and port region g € p:

IIC = Z Z Z dfo, ot ip IMPig. (19)

teT geP ie{lHy}
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3.8. Model summary

Summarising, the overall optimisation problem is formulated
as a multi-period spatial-explicit MILP composed of the follow-
ing equations, which are detailed above and in the Supplementary
Material:

Minimise Objective function TC (Eqs. 1, 7, 16-17, 19, S6-S8, S11-S20, S22)
xX.Z

s.t. Demand constraints (Eqgs. 3, S24)
H; and CO, Mass balance constraints (Eqs. S26-527)

Production constraints (Egs. 2, S28-S29)

Storage constraints (Eqs. S31-S33)

Filling station constraints (Eqs. S34-S36)

Road transportation constraints (Eqs. 5-6, S39-540)
Pipeline constraints (Eqs. 8-15, S45-S48)

Reservoir constraints (Eqs. S53-S54)

Hydrogen import constraints (Eq. 18)

x e R, X eN,Z e {0,1}.

(20)

Here, x represents the continuous variables of the problem, fully
detailed in the notation (i.e. production and import rates, storage
and inventory levels, demand per product type, and hydrogen and
CO, flowrates), X stands for integer variables (i.e. the number of
production, storage and filling facilities and the number of trans-
portation units) and Z denotes the binary variables (i.e. availability
of hydrogen and CO, pipelines).

4. Solution procedure

Due to the large number of combinations of technologies, scales
and product forms in the HSC infrastructure decisions, the result-
ing MILP problem is liable to become computationally intensive.
Specifically, hydrogen production plants (|1pJ| =28), storage facili-
ties (|1sJ]=6), filling stations (|IFJ| = 7), road transportation modes
(I1]=2), and pipelines (|D| =2, |D| = 3, |D| = 2, |D| = 2) must be
evaluated in each region (|G| =36, |LG|(Trailer, Tanker, Pipe)=36)
or between regions (|LN|(Trailer, Tanker)=244, |LN|(Pipe)=152,
|cN| =152, |GR| = 3), over the planning horizon (|T|=10). The size of
the MILP problem is summarised in Table 2, where case iii is the
base scenario (Section 6) and the other cases are variations with
different transportation and CCS assumptions (Sections 7 and 8).

With the computational potential of current machines and the
advances in MINP solvers, the full-space problem can be solved in
reasonable computational times (e.g. the base scenario is solved
with an optimality gap of 7.5% in less than 13 h). However, it
is possible to reduce the CPU times and obtain better values
of the objective function through hierarchical procedures. These
kinds of methods have been presented previously in the literature
(Agnolucci et al., 2013; Sabio et al., 2010), based on the fact that the
relaxation of integer variables, especially if they take large values,
tends to be tight and leads to solutions very close to the full-space
optimal solution. Specifically, a two-step hierarchical procedure is
used in SHIPMod extension.

The first step consists of the solution of a relaxed problem to
determine the location, scale and technology of production plants
over time. With this purpose, let x; be the set of continuous vari-
ables x of the problem described by Eq. (20), including the relaxed
number of storage facilities (NS, ), filling stations (NFgg,), and

road transportation units (I\\Iﬁ]”gt, NTU;;,,), in addition to the con-
tinuous variables of the model. Thus, let X; be the set of integer
decisions X, which only contains the number of production facili-
ties (NPyjg) in this stage. In the second step, a reduced version of
the problem is solved by fixing from step 1 the number of plants
over the planning horizon to determine the exact number of storage
facilities, filling stations and road transportation units and update
all the other optimisation variables. Let x, be now the set of contin-
uous variables x of the problem of Eq. (20), composed of the genuine

continuous variables of the model, and let X5 be the set of integer
variables X, now comprising NSigjgs, NFifigr, ﬁﬁ],-lgt and NTU,,/ and
excluding the number of plants, which are fixed.

The optimisation problems presented in the following Sections
have been solved in GAMS 24.4 (GAMS, 2014) using CPLEX 12.6
solver on a 3.5 GHz, 32 GB of RAM machine (Intel® Xeon® Processor
E51650). The optimality gaps have been set to 5% and 1% for the first
and second step, respectively. Additionally, the maximum memory
space for the branch and cut tree has been restricted to 30,000 MB
and the maximum CPU time has been limited to 20 h in 8 parallel
threads in each optimisation step.

5. Hydrogen fuelling infrastructure in the UK

The rest of the paper analyses the optimal infrastructure
for satisfying the hydrogen demand in the passenger transport
sector in the UK over the next decades using the extended SHIP-
Mod. The forecasted increase of hydrogen consumption is defined
exogenously according to the logistic demand diffusion model by
Agnolucci and McDowall (2013), assuming that there are 2.5% of
innovators by 2035 and hydrogen vehicles ultimately get to the
totality of the market, as represented in Fig. 4(b). Specifically, the
transition from 2020 to 2070 is studied, reaching a 50% of hydrogen
penetration and a consumption of 5000 tonnes H, d~!. It is solved
using 5-year time periods. Moreover, the overall demand is dis-
tributed in 36 regions according to the UK demographic data. The
spatial discretisation is illustrated in Fig. 4(a) and corresponds to
the Nomenclature of Territorial Units for Statistics (NUTS) level 2
(Eurostat, 2013), where the five original zones for Inner and Outer
London (UKI3, UKI4, UKI5, UKI6, and UKI7) are combined into one
single region. The adoption behaviour in each area depends on
socio-economic attributes, which determine whether hydrogen is
introduced in 2020 or 2030 with an earlier or later diffusion, respec-
tively (Agnolucci and McDowall, 2013). Existing hydrogen facilities
and transportation modes are not considered to be available for this
case study. International LH; can be imported in the six major UK
liquid freight ports, identified from DfT (2014). Finally, the prob-
lem considers three offshore reservoirs located in the Irish Sea and
the North Sea for CO, sequestration. The data have been collected
from multiple sources, such as (DECC, 2014a, 2015; Dodds and
McDowall, 2012; DOE, 2010). Details can be found in the Supple-
mentary Material.

6. Role of transition time horizons

The optimum deployment of the hydrogen production and
delivery infrastructure is solved using a present value cash flow
analysis with different discount rates to evaluate their effect in the
progression of the HSC investments. A first case is defined by a dis-
count rate of 3.5%, which corresponds to the recommended value
by the HM Treasury for measuring the economic efficiency of long-
term investment projects of public agencies (HM Treasury, 2011).
The problem is also studied with a discount rate of 10% to provide a
shareholder point of view. The MILP problem is composed in both
cases of 74,574 equations and 86,731 variables, from which 28,740
are discrete. It is solved in 0.2 and 9.1 h, respectively.

As illustrated in Figs. 5(a) and 6(a), which present the evo-
lution of the optimal infrastructure for both discount rates, LH;
is only used for imports in Northern Ireland (NO) and East
Yorkshire/Northern Lincolnshire (E1) whereas all domestically-
produced hydrogen in mainland regions is GH,. Specifically, SMR is
the cheapest production technology. In the first stages of the tran-
sition, a medium-size manufacturing facility is installed in a central
location - Bedfordshire and Hertfordshire (H2) with 3.5% discount
rate and Berkshire, Buckinghamshire and Oxfordshire (J1) with 10%
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Fig. 4. Spatial discretisation of the demand: (a) regions by order of hydrogen adoption, international import locations and CO, collection points and (b) logistic diffusion

model (Agnolucci and McDowall, 2013).
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Fig. 5. Evolution of the HSC infrastructure over time in the base case with a discount rate of 3.5%.

- to facilitate the hydrogen supply to early adoption regions. Subse-
quently, several large-scale plants with carbon capture are installed
relatively close to the CO, collection points of the East Irish Sea
and Southern North Sea reservoirs to face the increasing hydrogen
demand and tightening emission targets. So, all production plants
are gathered around North-West and South-East England. Hydro-
gen is initially carried by trailers and progressively transported via
pipelines.

The profiles of hydrogen import and production by technology
and scale, presented in Fig. 7, are equivalent in both cases, as well
as the production installed capacity, detailed in Fig. S5 of the Sup-
plementary Material. In contrast, higher discount rates represent
a choice for delaying transportation capital expenditure, notably
investments in hydrogen and CO, pipes, as illustrated in Fig. 8.
Lower discount rates tend to anticipate the rising hydrogen demand

in the following decades and lead to a faster construction of fully
developed pipeline networks. For instance, hydrogen transmission
pipesin the period 2036-2040 already consist of 1460 km with 3.5%
discount rate whereas only 580 km have been established with a
value of 10%. The length of installed hydrogen pipelines over time
is detailed in Fig. S6 of the Supplementary Material.

The total cost of building the hydrogen infrastructure network
is £ 15,281 million and £ 3180 million for the scenarios with dis-
count rates of 3.5% and 10%, respectively. The cost contributions are
summarised in Table 1 and Fig. 9. With a higher discount rate, the
percentage of road transportation expenses increases significantly.
Additionally, the operating cost of facilities is reduced from 66% to
50% due to the smaller effect of later years — with higher produc-
tion rates — while the capital cost increases from 14% to 22% due to
the larger influence of early years - with more investments. This

Please cite this article in press as: Moreno-Benito,

http://dx.doi.org/10.1016/j.compchemeng.2016.08.005

M. et al, Towards a sustainable hydrogen economy:

Optimisation-based framework for hydrogen infrastructure development. Computers and Chemical Engineering (2016),



dx.doi.org/10.1016/j.compchemeng.2016.08.005

G Model
CACE-5537; No.of Pages18

12

2026 — 2030 2046 — 2050

Ty

[

3

[0S

(a) Deployment from 2020 to 2070

M. Moreno-Benito et al. / Computers and Chemical Engineering xxx (2016) XXx—-xxx

6 — 2070
o7 LHo Import

. SMR Medium
® SMR-CCS Large

-~ » GHjy flow via Trailer;;
;-

» GHo flow via
Pipes 50 cm

— GHy flow via
Pipes 60 cm

T COq flow via
Pipes 55 cm

= COq flow via
s Pipes 60 cm

T

(b) Snapshot at 2070

Fig. 6. Evolution of the HSC infrastructure over time in the base case with a discount rate of 10%.

Table 1
Present value of the cost contributions of the optimal hydrogen infrastructure with
discount rates of 3.5% and 10% (base case), in m£.

Discount rate 3.5% Discount rate 10%

Total cost 15,281 3180
Capital cost of facilities 2213 703
Capital cost of pipelines 1340 285
Capital cost of road transport 75 72
Operating cost of facilities 10,122 1579
Operating cost of pipelines 75 14
Operating cost of road transport 477 377
Cost of carbon emissions 191 44
Cost of international imports 790 105

behaviour is illustrated in Figs. S7 and S8 of the Supplementary
Material, together with the delay in pipeline capital charges. The
cost of hydrogen production and delivery per unit is in the range
of 5.3-2.1£/kg H;, and 3.7-2.0 £/kg H, before 2050, respectively.
These values are below the 3.52 £/kg H, European reference for
2050 according to a study by McKinsey (2010), thus confirming the
economic viability of the HSC infrastructure.

In terms of environmental impact, the optimal configurations
based on SMR allow the consumption of cheap fossil fuels and
yet reduce CO, emissions through the establishment of CCS. This
is a challenging intermediate solution to mitigate global warming
before the required increase of renewable energies and reduction

Table 2
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Hydrogen production
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1,000,000

0

2020
2025
2030
2035
2040
2045
2050
2055
2060
2065
2070
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Fig. 7. Evolution of the hydrogen domestic production and international import
over time in the base case with discount rates of 3.5% and 10%.

of their technological cost is achieved. The obtained CO, outflow
is represented in Fig. 13, compared to the GHG emission target
for hydrogen fuelled passenger vehicles in the UK. This target is
calculated from the total emission budgets established by the UK
Government (CCC,2014,2015; DECC, 2014b; HM Parliament, 2008)
and the hydrogen diffusion over the planning horizon, as detailed
in Moreno-Benito etal. (2016). The graphic shows that the obtained
outflows are compliant with the 2050 EU environmental targets. In

Problem size and computational performance of cases i-vii and a-c solved with the two-stage hierarchical approach.

Case No. equations No. variables No. discrete No. Discrete CPU time (h) Optimality gap

Step 1 Step 2 Step 1 Step 2 Step 1 Step 2
i 74,574 86,731 23,460 13,180 13,380 20.0 0.1 8.2% 0.7%
ii 70,574 80,891 26,340 16,060 16,260 5.2 1.2 5.0% 1.1%°
iii 7.0 21 4.9% 2.0%"
iv 20.0 2.2 5.2% 2.5%P>
\% 74,574 86,731 28,740 18,460 18,660 20.0 2.6 5.5%* 2.3%>
vi 5.0 20 4.5% 1.4%"
vii 0.4 34 4.8% 1.0%°
a 0.01 0.5 4.9% 0.8%
b 54,114 73,678 25,140 14,860 18,660 0.2 14 4.9% 1.0%
C 0.1 0.9 4.5% 1.0%
2 Terminated by CPU time limit (20 h).
b Terminated by tree memory limit (30,000 MB).
Please cite this article in press as: Moreno-Benito, M., et al, Towards a sustainable hydrogen economy:

http://dx.doi.org/10.1016/j.compchemeng.2016.08.005

Optimisation-based framework for hydrogen infrastructure development. Computers and Chemical Engineering (2016),



dx.doi.org/10.1016/j.compchemeng.2016.08.005

G Model
CACE-5537; No.of Pages18

M. Moreno-Benito et al. / Computers and Chemical Engineering xxx (2016) XXx—-xxx 13

2026-2030

2036-2040

o

2046-2050

2056-2060

Loy

(b) Discount rate 10%

Fig. 8. Deployment of hydrogen and CO; pipeline networks over time in the base case with discount rates of 3.5% and 10%.

fact, the optimal configuration reduces the CO, emissions of hydro-
gen fuelled vehicles after 2030 in more than the 95% compared to
the 1990 values. Regarding the reservoir usage, the CO, sequestra-
tion does not deplete more than the 1.3% of their maximum capacity
during the studied planning horizon of 50 years.

Finally, the evolution of the infrastructure in the planning hori-
zon from 2020 to 2070 is compared with the snapshot solution
at 2070 covering the final demand. Such a problem is addressed
by minimising the total cost annuities, and the corresponding MILP
problem has 7488 equations and 11,293 variables, from which 2874
are discrete. Since the extended SHIPMod assumes a perfect fore-
sight, the snapshot solution is similar to the deployed infrastructure

£15,281 million

14%

3%

1% 5%
0\
1%

9%

L 1%

66%

B CAPEX Facilities M CAPEX Road Transportation B OPEX Pipelines

CAPEX Pipelines B OPEX Facilities

(a) Discount rate 3.5%

at the end of the planning horizon, as shown in Figs. 5(b) and
6(b). However, this solution does not incorporate strategic deci-
sions like the selection of central locations for the early SMR plants
to reduce hydrogen delivery costs via trailers. The initial plants are
later replaced by larger facilities with CCS but still determine the
infrastructure echelons in the deployment problem.

7. Role of transportation modes
The hydrogen delivery alternatives for the different stages
of the transition are here analysed assuming a discount rate of

10%. The following transport situations are considered: (i) only

£3,180 million

1% 3%

12%

22%
1%

9%
2%
50%
Emissions
OPEX Road Transportation Imports

(b) Discount rate 10%

Fig. 9. Percentage of the discounted cost contributions of the optimal HSC infrastructures in the base case with discount rates of 3.5% and 10%, in % of the total cost.
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Fig. 10. Evolution of the HSC infrastructure over time in the scenario without pipelines with a discount rate of 10% (case i).

road transportation is permitted, (ii) a limited number of pipeline
connections are allowed, which correspond to the existing natural
gas infrastructure, (iii) all neighbouring pipeline connections
are permitted - i.e. base case presented above, (iv) and (v) base
case with 27% and 50% higher pipeline capital costs, and (vi) and
(vii) base case with 27% and 50% lower pipeline capital costs.
The corresponding MILP size and computational performance
are presented in Table 2. In all cases, the two-step hierarchical
approach can find feasible solutions, but cannot always converge
within the CPU time limit and the branch and cut memory limit
below the optimality gaps of 5% and 1% set for the first and the
second steps. The more computationally expensive scenarios are
those with tighter trade-offs between compressed versus liquid
hydrogen and between centralised versus distributed production,
such as cases i, iv and v. These are the scenarios without pipelines
or with higher pipeline capital costs where other, less-efficient,
delivery options become more relevant.

The optimal infrastructure deployment without pipelines (case
i) is shown in Fig. 10. This solution, with a total cost of £ 3510 mil-
lion, is around a 10% costlier than the optimal solution of the base
scenario (case iii). When pipelines are not allowed, the next more
efficient solution is obtained by reducing the scale of compressed
hydrogen production via SMR to locate several medium-sized
plants in scattered sites and hence reduce the road delivery costs.
The 24% of SMR production with CCS is now produced at medium
scale instead of large size. Additionally, the port region in East-
ern Scotland (M2) is backed by liquid hydrogen imports in some
periods. Overall, Fig. 10 shows a predominance of GH, genera-
tion and its delivery via trailers. In contrast, a preliminary study
without pipelines and lower electricity costs - resulting in smaller
liquefaction expenses — provided an optimal solution based on LH,
production to increase the hydrogen volumetric energy and use LH;
tankers for its transportation. In this case, large-scale centralised
plants close to CO, collection points were obtained, likewise the
scenario with pipelines. Summarising, the selection of GH, versus
LH, mostly depends on the available transportation modes and the
electricity price for liquefaction.

In all the remaining scenarios with pipelines, the optimal solu-
tions include this option as the principal delivery mode. However,
the timing and extent of the construction of the pipeline network

depend on the capital investment required. Fig. 11 shows the evolu-
tion of the constructed length of hydrogen pipelines in scenarios ii
tovii. Essentially, larger pipeline capital costs lead to a later pipeline
construction, like cases iv and v, while more mature networks are
obtained in those scenarios with lower pipeline capital costs, like iii,
vi and vii. In all cases, the pipeline infrastructure is nearly complete
by 2055. Regarding local pipelines, their construction is slower than
regional ones, as the required capital investment becomes ineffec-
tive for small flow rates and short distances.

The cost contributions of the optimal HSC infrastructures of
these scenarios are summarised in Table 3. There is a rise in road
transportation expenses with an increase in pipeline capital costs
per length, which is due to the higher use of trailers. Pipeline expen-
diture is adjusted by delaying pipeline investments in scenarios
with higher capital cost. Besides, those cases with more expen-
sive transportation modes, namely i, ii and v, lead to higher carbon
emission expenses because they include the construction of more
than one medium-sized SMR production plant without CCS to save
transportation charges in early periods. However, the solution with
the higher road transportation costs is the one without pipelines,
despite the higher spatial distribution of hydrogen manufactur-
ing facilities. The pipeline expenses in this scenario are the ones
associated with CO, pipelines.

8. Role of carbon capture and storage

The optimal hydrogen supply chains of all the scenarios studied
in previous sections rely almost entirely on the use of natural gas
reforming with carbon sequestration. The importance of includ-
ing CCS systems is analysed next by comparing the base case with
three scenarios without carbon sequestration and different hydro-
gen import allowance levels: (a) unlimited international import,
and (b) and (c) import limited by the 50% and 10% of the total
hydrogen demand. The MILP size and computational performance
of these scenarios are provided in Table 2. From this table, all sce-
narios a to c are solved within the predefined optimality gaps in
CPU times of less than 2 h combining the two optimisation stages,
showing a dependence of the computational performance on the
elements included in the optimisation framework.
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Fig. 11. Evolution of the cumulative constructed length of hydrogen pipelines in
the scenarios with different capital costs and potential connections with a discount
rate of 10% (cases ii to vii).

Without carbon capture, SMR is no longer the major alternative.
The optimal solutions of the cases a, b and c rely on interna-
tional imports and a combination of electrolysis and SMR domestic
production, as represented in Fig. 12. The cheapest option with-
out the possibility to capture and store the CO, emissions is the
international import of liquid hydrogen. The next best option
is electrolysis. Basically, there are three stages in the hydrogen
infrastructure deployment, namely initial hydrogen production at
medium scale from natural gas, which is followed by an increase in
the production size, and a final substitution of SMR production by

m Medium SMR (GHgy)
Large SMR (GHsg)

B Medium WE (GHg)
o Import (LHg)

(c¢) 10% maximum international import

Fig. 12. Evolution of the hydrogen domestic production and international import
over time in the scenarios without CCS and different degrees of international imports
allowance with a discount rate of 10% (cases a to c).

either international hydrogen imports or national production via
electrolysis.

The total carbon emissions obtained in the base case and the
three scenarios without CCS are represented in Fig. 13, compared
to the GHG emission target for hydrogen fuelled passenger vehicles
in the UK. The GHG emission targets are met in most cases, except
for those without CCS and constrained imports. This is due to very
tight GHG emission targets, which aim a reduction of the 80% from
2050 and beyond, as well as to the high expenses of technologies
with lower emissions, as it could be electrolysis. Consequently, it
is not until 2060 that WE is introduced in the production portfolio,
what results in high CO, emissions generated by SMR without CCS.
After 2060, an increase in the carbon price in the last periods of the
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Table 3
Present value of the cost contributions of the optimal hydrogen infrastructure in cases i to vii with a discount rate of 10%, in m£.
i ii iii iv \% vi vii
Total cost 3503 3216 3180 3242 3274 3089 3007
Capital cost of facilities 736 687 703 702 702 702 702
Capital cost of pipelines 78 218 285 318 292 280 287
Capital cost of road transport 119 76 72 75 80 61 48
Operating cost of facilities 1607 1570 1579 1579 1579 1579 1579
Operating cost of pipelines 4 11 14 16 15 14 15
Operating cost of road transport 725 418 377 402 457 304 227
Cost of carbon emissions 112 132 44 44 44 44 44
Cost of international imports 122 105 105 105 105 105 105
< 25,000 Table 4 - ‘ ‘ ‘
l’c: Present value of the cost contributions of the optimal hydrogen infrastructure in
o cases a, b and c with a discount rate of 10%, in m£.
© 20,000
'®) I a b c
\EL 15,000 Totgl cost . 4842 4956 5094
Capital cost of facilities 562 653 734
(é Capital cost of pipelines 24 149 193
.2 10,000 Capital cost of road transport 66 71 61
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Fig. 13. GHG emission target and CO, emissions in the base case and cases a to ¢
without CCS and (a) unlimited international import, (b) 50% maximum international
import and (c) 10% maximum international import, all of them with a discount rate
of 10%.
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time horizon forces the replacement of SMR production by WE and
areduction in CO, emissions is accomplished. The late introduction
of electrolysis in the case of CCS exclusion is likely to be supported
by a larger capacity of renewables.
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Regarding the spatial distribution of the HSC, Fig. 14 illustrates
the decentralisation of hydrogen production via medium-scale
SMR and electrolysis in the deployment of the optimal hydrogen
infrastructure of scenario c. Hydrogen delivery is based on a com-
bination of compressed hydrogen initially transported via trailers
and later via pipelines, and liquid hydrogen carried by tankers.
Finally, Table 4 summarises the cost contributions of the optimal
HSC infrastructure for each of these cases, and shows an increase in
capital and operating costs of facilities, pipelines and carbon emis-
sions when more restrictive constraints on hydrogen import are
established. The total infrastructure expenses are between the 52%
and 60% higher than the base case iii.
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Fig. 14. Evolution of the HSC infrastructure over time in the scenario without CCS and 10% maximum international import with a discount rate the 10% (case c).
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9. Conclusions

This work extends the optimisation-based framework SHIPMod
for the design of the hydrogen supply chain infrastructure. In addi-
tion to the consideration of economies of scale and CCS technologies
for solving the transition towards low-carbon energy systems, this
contribution includes the mathematical formulation for solving
the transportation via pipelines at local and regional scales and
international imports, as well as the deactivation of the elements
of the infrastructure after their useful life has been completed,
given the timeframes of 50 years under study. This way, the trade-
offs between centralised and distributed production, hydrogen
pipelines and road transportation, production scales, production
technologies, and product forms, have been included in the multi-
period spatial-explicit MILP formulation. Most importantly, the
extended optimisation framework provides a quantitative analysis
tool to evaluate the infrastructure components at different phases
of the transition towards a sustainable low-carbon hydrogen econ-
omy. This is crucial to understand the alternative options for
introducing hydrogen in the energy system over the next decades.

The optimal hydrogen production and delivery network that sat-
isfies the hydrogen demand in the transport sector in the next 50
years has been solved with different modelling assumptions. Essen-
tially, hydrogen production from natural gas through SMR with CCS
is posed to be the most cost-effective alternative that maintains a
low level of carbon emissions. The time preference represented in
the discount rate mostly affects to the development pace and the
extent of the pipeline network construction, but not to the produc-
tion type, the hydrogen form, or the percentage of international
imports. Similarly, the capital costs of the pipelines uniquely affects
the progress of the pipeline network, while the unavailability of
pipelines leads to the diversification of hydrogen production in a
larger number of SMR plants with a smaller scale, in order to reduce
the regional transportation via compressed hydrogen trailers in the
whole timeframe. It is interesting that the same profiles of interna-
tional hydrogen import and national production by technology type
are equivalent in all cases, independently of the delivery mode. In
contrast, the elimination of the CCS system involves more changes
in the production figures. As the system cannot rely on SMR with-
out carbon sequestration due to the high costs of CO, emissions,
the solution includes the import of hydrogen as a first option, fol-
lowed by the use distributed electrolysis, powered by intermittent
renewable energy sources among others, as a second alternative.
By studying the role of the delivery mode and the CCS system, the
influence of plant scales becomes notable, as smaller scales are used
to balance the increment of transportation costs.

To conclude, the extended SHIPMod constitutes an exten-
sive optimisation framework for solving hydrogen infrastructure
deployments with a hierarchical strategy that leads to feasible
solutions close to the true optimal solution in reasonable computa-
tional times. This work has focused on the economic optimisation
of the HSC infrastructure for the passenger sector in the UK, but
the proposed framework can also be applied to the analysis of
other future hydrogen economies. As future steps, other procedures
for addressing the infrastructure flexibility in front of uncertain
hydrogen demand forecasts could be studied. The introduction of
intra-day and inter-seasonal hydrogen storage dynamics for mod-
elling the hydrogen consumption and supply mismatches in the
optimisation framework is also a challenging step to be taken.
Finally, alternative optimisation methods that lead to more efficient
solution procedures could also be considered.
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