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ABSTRACT

The Dutch gas distribution infrastructure faces several significant changes in thetuearGue of

the major changes is the production and injection of biomethane into the gas distribution grid. The
distribution system operators (DSOs) have to make investments in the gas distribution grid in order to
facilitate the injection of biomethanBlumerous design choices have to be made for the biomethane
supply chain and gas distribution grid. These choices, which are made in the design process, largely
depend on the local situation and the DSOs' preferences. In order to support this decisign makin
process, this paper presentBesign Support Tool (DSTthat aidsactively the generation of design
solutions for the biomethane supply chain and gas distribution grids fodefseed regions. The

focus of the paper is set on the functionality of i@ and how it can be used to improve the design
process in which multiple stakeholders are involved.
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1 INTRODUCTION

After the discovery of the Groningen gas field in 1953hwin initial volume of 2.8 Tfn) one of the

largest gas fields in the world, the Dutch gas sector was shaped and the foundation of the current
Dutch gas infrastructure was laid J[INowadays, the gas infrastructure forms a crucial part of the
Dutch energ system, as about half of the primary energy demand is met by natural gas. The gas
distribution system, which is part of the gas infrastructureriliges approximately 20 Gigm) per

year. With 98% of Dutch households connected to the gas distributthritge penetration of the gas
distribution infrastructure is impressivas compared to other countries.

The Dutch gas distribution grid is facing a char
sole function is to distribute (one type ofitural gas to gas consumers, and it is merely composed of
pipelines and valves. Due to anticipated changes in the gas market, this situation will change in the
near future. One of the major changes is the production and injection of biomethane inds the g
distribution grid. Biomethane is gas with burning properties similar to natural gas, but is produced
from renewable sources. The Dutch Distribution System Operators (DSOs), which are responsible for
the distribution grids, will have to make investmetdsassure that the functionality of the gas
distribution grid complies with the future requirements of the gas grid. Therefore, research is required
on what the needed investments are for the gas distribution grid, in particular with regard to
biomethaneNumerous design choices have to be made for the gas distribution grid and biomethane
supply chain, and the best choice will depend largely on the specific situation and on the preferences
of the DSOs. In order to support tliscision making process, a n®ecision Support dol (DST) is
proposed that will aid the design process of the biomethane supplyactththe gas distribution grid.

The DST suppostdesigners by automatically generating the space of possible biomethane supply
networks for a given lo¢@n. This solution space can then be assessed by the difféakehelders

(i.e. DSOs farmers, municipalities) bgomparingthe different performances and incorporating the
constraing that follow from their perspective on the implementation of sugls#s.The DSTcan be

applied to different geographical regions and networdrahteristics.

This papers outlined as follows. Sectiond2scribeshe biomethane supply chatBection 3 describes
the decision making modeling approach as well as thgmesigineering model implemented in the
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DST. Section 4 presents the results of applying the DST for designing biomethane supply chains in a
rural region in the Netherlands. Finally, Section 5 provides a discussion on the possible industrial
implementatiorof the DST.

2 DESIGNING BIOMETHANE SUPPLY CHAINS

Biomethane is produced by digesting wet biomass. Commonly, manure is digested in combination
with a casubstrate, for instance, agricultural crops, swill, or other waste products. This process is
referred toas co-digestion [2. In Figure 1 the supply chain for biomethane from-digestion is
shown. The feedstodbr the cadigestion process is manure andstistrate. The digestion process
produces biogasconsisting of 507 65% CH, [3]. The upgrading proas removes unwanted
components (for instance 8l and HO) from the biogas and increases the,€hintent in oder to

obtain gas with the required Wobbe ind&nce the gas is at the desired qualitgan be injected into

the gas grid. The digestion andguading processes are technically robust and commercially proven
technologies.
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Figure 1: Biomethane supply chain [4]

Biomethane installations using the digestion process to generate bioganadiscale(the average
capacity in the Netherlasdis appoximately 600r(n)/h [5])). Therefore, it is economically not
feasible to inject the gas into the transportation grid, since the costs for the connection to the
transportation pipeline and for compression are too high. Hence, the biomistigeeted intothe
distribution grid. The cost for injection of biomethane into the distribution igridwer since the

length of the connection will be shorter (the distribution grid has a finer mesh and therefore, needs
usually a shorter connecting pipeline) and coeapion costs are lower since the distribution grid is
operated at a lower pressure than the transportation grid. However, injection of biomethane into the
distribution grid might lead to problems in balancing the gas demand and biomethane supplye since th
volume of the gas flow in the distribution grid is significantly lower than in the transportatiorgrid.

a consequencethe injection of biomethane can result in congestion in the distribution grid.
Furthermore, biomethane production often takes placaral areas, where gas demand is lower than

in urban areas. Finally, due to seasonal fluctuations the gas demand in summer is lower than in winter.
The difference between summer and winter demand is about a factbrti€re are no industrial
customes connected to that distribution grid. Since the biomethane production process is very
inflexible, and therefore, the volume of produced biomethane can hardly be varied during the year, the
gas demand in summer becomes the limiting fadtbe design of Wimethae supply chains has to

take thae factors into consideratiorAs these factors are difrent for different locationsspecific
solutionsare requiredor each case.

3 THE DESIGN ENGINEERING MODEL OF THE DST

In order to automate the design of bithrane supply chains, a design engineering model has to be
assembled. Design engineering models serve as general knowledge template for large and complex
design tasks. In this sense, one design engineering model can be destednthine design solutioffigr

any problem that can be formalized using its variables and relafitns. section describes the
approach that was useéd model the biomethane suppthainand the resulting engineering design
model that was implemented into the DST

3.1. Modeling Approach

According tothe engineering modelingpproachin JaureguiBecker [§, the following parts inthe

modelare distinguished

1 Elemens: the physical parts of the design, whjpérform certain (sub)functiores the design For
example, a digester ir@lationis one of the elements in the model.



9 Topological relationstndicate tow the different elemeatof the model can be connectedeach
other. For examplea digester element can be connected to an upgrading plant elemeat. But
digester element cant be connected directly to the gas grid, since imgas from the digester
does not comply with the specifications on gaslity.

1 Scenario parameterghe evironmental influences in the modé&or example, irthis model, the
subsidy given for bioethane is scenario parameter.

1 Embodiment variablesthe variables that need to be instantiated (that isassigned a value) by
the design method to obtain a candidate solution. For example, the size of the digester installation
that is installed & certain location is an embodiment variable.

1 Analysis: Entails the equations used toride the performance indicatoo§ a candidate solution.
For example, the equation that determinestiergy usage of a digester installation.

1 Performance indicatordndicate he quality of a candida solution For example, C®emission
reduction is one of #performance indicators iis model.

3.2. The Design Engineering Model
This section presents a summary of the design engineering model implemented intd.the DS

PERFORMANCES
In thismodel, the most important performance indicators of the biomethane supply chain afeeNPV
present value)Net energy producton [ k Wh/ a ] . B{n) B enmissionaedwctons t [ d

[t/a], CO, ¢ o s /kg]. Thé detailed maels used for calculating these performances can be found in

[7].

ELEMENTS AND TOPOLOGY

Figure 2 summarizes the elemenémd its topological relations conforming the biomethane supply
chain The elements are the physical parts of the biomethane sumily. &il these elementsave
been installed in practice in the Netherlands, with the excepfitine gas storage, which has not yet
been installed on gas distributispale.

Compressor

Figure 2: Elements of the biomethane supply chain and their topological relations

As can be seen in Figurethere are two options for the available biomass:

1. The biomass can be digested locally at the same site as the bjpotssion location (farm)

2. The biomass can be transported by truck to a central location, where badmagsple biomass
locations is digested.

In the digester, biomass is converted to raw biogas, wtoalains 50 to 75%CH, [2]. This CH,

content is too low, to allow the biogas to be injected inghe grid. Therefore, this gas needs to be

upgraded to rtaral gas quality in aopgrading plant. There are two options to get the biogas from the
digester to theipgrading plant:

1. The raw biogas can be upgraded locally at the same site as the digester.

2. The raw biogas can be upgraded at a central location, whedgogasof multiple digesters is
upgraded. For this option, first some unwanted components (H2S appas? removed in the
pretreatment step, tprevent corrosion in the next two steps. Next, the compressor compresses
the biogas to the right pressueetransport the biogas through a pipelin¢he upgrading plant.



In the upgrading plant, some unwanted components are removed, andtpar€¢f is removed such

that the CH content is increased to 89% [Zfter the upgrading step, quality and flow tife

biomethane is measured tihe injection station. This step also adjusts the biomethane to the right

pressureFinally, through a pipeline, the biomethane is injected in the gas distrilgrichrif the gas

demand in the gas grid is always higher tti@nbiomethane productiong further steps are required.

If this is not the case, three options existi¢al with this balancing issue:

1. Add a compressor to compress the surplus biomethane to an upstregndgasch that the
biomethane is also consudhby the gas consumerstbfs grid.

2. Connect a gas storage to the grid. The gas storage buffers surplus bionmetdareteases it
once the gas demand exceeds the biomethane production.

3. A third option, which is not explicitly shown iRigure 1 is usingthe linepackflexibility of the
gas distribution grid. That is, the pipelines of the grid barused as a small buffer for excess
biomethane, by operating the pressiyramically.

EMBODIMENT AND SCENARIO VARIABLES

Each one of thafore describedlemens is composed itself by several embodiment variaflbs.
embodiment and scenario parameters were derived from literatutssthparameters of elements of
the biomethane supply chain, such as capital opgtational cost, and energy usagewever,these
variables are omitted in this paper as its technical description is out aictipeof this paper.
Furthermorethe valuesthat each embodiment variable can obtaichesen from a discretset of
possibilities This resembles reality, where, foisiance, a farmerthat wants to buy a digester, can
only choose from a limited number of availaltipes. Furthermore, it allows a designer of the
biomethane supply chain to addore digester types to the model. Compared to an embodiment which
values aralerived from a continuous energy or cost function, an advantage of theteisst is that
each building block can have its own characteristics. For instanceethe possible embodiment
values of the digester element can consist of akeigestersthat perform well on energy usage
which is complemented with anotheset that scores worse on energy usage but better on economic
performance.

The scenario variablesequired tospecifyone biomethane supply chain network design problem can

be classifiednto 2 groups. On the one harshme general parameters are defined that are part of the
modelbut do not apply to any of the elements in specific, such as depreciation pregoest rate,
biomethanesubsidy, and electricity pric&able 1 shows the osidered variables and their projected
values for the Netherlands. A more detailed description on how this values were chosen can be found
in [7]. On the other hand, a start configuration of the current gas distribution grid and biomass
locations and itsalated biomass availability for the regions of interest is also needed.

Parameter Symbol Value Unit
Interest rate I 7.8 %
Economic life of project L 12 years
Operational hours h 8ooo  hours/a
Gas retail price Png 24.7  €ct/m3(n)
Biomethane subsidy Pbm 47.3  €ct/m3(n)
CH,4 content biomethane Cbm 89 %

CO; emission natural gas &ng 1.78 kg/m3(n)
Higher heating value natural gas  Hp, 9.77 kWh/m?3(n)
Electricity price Pel 7 €ct/kWh
CO; emission of electricity el 0.566 kg/kWh

Table 1: Scenario parameters. Soources [8, 9, 10, 11, 12, 13]

4 THE DESIGN SUPPORTT OOL

From the previous section it can be concluded thahy development options for the biometba
supply chain existdowever, the preferred solution for the biomethamgply chain depends to a great
extent on the specific situation and preferemafethe stakeholders involved. This makes the design
process a complex and tincensuming processn order to support this complex process, a Design



Support Tool (DST) has been developed. D®T generates for eadpecific situation a number of
candidate solutionky automaticallydetermining the number and types of elements, assigning values
to the embdiment parameters and calculating the performance indicators of each of the generated
solutions. Each solution has its owmdvantages and disadvantages, which laaéanced by
performance indicatorsfor instance C@emission reduction and net present ea{tlPV) Showing

the performance indicators of each solution, provides the engineer insight avaiiable solutions

and eases the evaluation process and the choice for the evsolu@dn. The philosophy of
generating sets of feasible solutions ahént integrating different perspectives and criteria for
selecting the most appropriate one is funded on the principles of lean design. According to it,
engineers take more effective and efficient decisions by considering sets of solutions instead of
contiruously trying to optimize oneThis practice has enabled companies like Toym&senting
productivity rates four times better than their rivalkis section provides the results of applying the
DST to the design of suppthain networks for a real rurareain the Netherlands. Different solutions

are generated for different future gas requirements and scenarios.

4.1. SHOWCASE
Previous researchperformed in relation to the project this paper belongs resulted in the
determination of 4 plausible futuseenarios of the Dutch energy system in the year,28x 8epicted
in Table 1[14]. As the gas distribution network infrastructure is likely toshapedaccording to these
scenariosin this paper we have chostnprovidebiomethane supply chain solut®ifor the 4 cases.
Furthermore, this is done fan initial configuration of the gas distribution systems of a rural ragion
the NetherlandsNoordDrenthe ¢onsisting of thenunicipalities: Assen, MiddeBrenthe, and Aa en
Hunzd. The actual gas distrilution grid, hourly gas demand patterns, and biomass locations
corresponding tehis regionwasused. As such, the analysis presented inghperalso demonstrates
the usefulness of the DST fibris real situationThe current layout ahe gas distrilution gridshown
in Figure5(a) was providedy the DSOsHere,only the layout othe highpressure distribution grid
whose operating pressure is higher ti28® mbar(g)i was used, as this is the most suitable for
injecting biomethaneThetotal gas dmand in 2012vas0.13Gmg(n)/a, the & r meavesmage biomass
availability was779 kg/h, the amber of farmersvas 49, the ibmethane potentiakas 32 Mms(n)/a
and the potential biomethane sh&rg4.3%.

Willingness and ability to reduce GHG emissions

Low High
Business as Usual Carbon Constraints
* Energy is considered a commodity  * Energy is considered a commodity
* Natural gas and coal are main « Natural gas, coal and nuclear en-
sources of energy supply ergy main sources of energy supply
* Local combustion of natural gas e« Fossil fuels converted to electricity
_ | and fossil fuel is allowed in large power plants with CCS
g N R * Biomethane for CO; emission re-
= = Gas d.fsfr.'butr(.m systern duction
S * D_IStnbUtes different types of (fm-’ * No local combustion of natural gas
S ?lgﬂ) natural 8as and, to a very lim- and fossil fuel is allowed
@ ited extent, biomethane
o] Gas distribution system
§ * Only for biomethane/biogas
¢ Tight Market Renewable Self-sufficiency
@ * Diversification of sources (LNGand <« Biomass, wind, and solar main
E maximal local renewable energy sources of supply _
5] sources) to secure energy supply * Policy focused on security of supply
9 * Biomethane and biogas stimulated by maximum use of local renewable
5 to reduce resource dependency energy sources
o| gf|* Local combustion of natural gas * No local combustion of natural gas
& 'IEE and fossil fuel is allowed and fossil fuel is allowed
Gas distribution system Gas distribution system
* Accommodates different types of + Only for biomethane, biogas, re-
(foreign natural) gas, biomethane, newable methane and H»
biogas, renewable methane and H, ¢ Used to balance fluctuating supply
* Used to balance electricity distribu- from windmills and solar energy
tion system

Table 2: Scenarios per degree of willingness and ability to reduce GHG emissions and
perceived energy resource scarcity [from 14]



4.2. Scenario dependent variables

Energy prices will go up when there is a perceived scarcity of energy. Simiabgidy for
biomethane will be higher when there is a wdless to reduce G@missions or when there is a
perceived energy scarcity. As a consequence, ssimariables when there is a perceived energy
scarcity, thehourly gas demand is likely to be lower than currently the case, and alsdioimass
resourcesre likely to become available to produce renewable enklgyce, depending on the four
scenarios, the values for biomass availability &odrly gas demand in the three nominal start
configurations presented in theevious subsection are subject torapa

The values for these scenario dependantbles are listed in Table s can be seelin the Business

as Usual scenario, biomass availabilgynly 25% of the nominal situatiort.is assumedherethat in

this scenario only onfourth of the famers that have biomass available in the nhominal situation want
to use their biomass for biogas production. This was achieved by omittingp84tarmers from the
nominal start configuration, which was done randonfiyrthermore, biomass availability ithe
Renewable Selfufficiency scenario iglouble that of the nominal situation. This availability was
achieved by lettinghe farmers have 25%xtra biomass available. The remaining 78%tra biomass
comes from 1 or 2 biomass centers that have importechdsis available. Thesee located near
harbors. Finally, biomass availability in the Carbon ConstraintsTight Market scenarios is equal to
the nominal situation. So biomaasse the start configuration for these scenarios is identical to the
nominal sart configuration.The hourly gas demand in 2050 for each future scenario is found by
multiplying the nominal hourly gas demand by the gas demand fgotoet dit niet ergens
gedefinieerd worden?which is given in Tabl&. Finally, in the Carbon consirds and Renewable
Selfsufficiency scenarios, the ggsd is adjusted to biogas quality. So no upgrading of the bisgas
needed. In the DST this will be simulated by setting the cost for upgradiegoat

Nominal Business Carbon  Tight Rene-
value as Usual  Con- Market wable
straints Self-suf-
ficiency
Biomass  avail- 1 0.25 1 1 2
ability factor
Gas demand fac- 1 0.83 0.67 0.67 0.5
tor
Biomethane sub- 47.3 0 47.3 47.3 94.6
sidy [€ct/m>(n)]
Gas retail price 24.7 24.7 24.7 49.4 49.4
[Ect/m?(n)]
Electricity price 7 7 7 14 14
[€ct/kWh]
Transport fuel 12.6 2.53 2.53 5.06 5.06

price [€ct/kWh]

Table 3: Values of the scenario dependent variables

4.3. Results

For each scenario and each region, 10,000 candidate solutions were gefi@rateke a choice
among the 10,000 solutions, only th@&reto optimun solutionsere considered. In this way, the set of
candidate solutions became muwrhalker. In addition, only seleetl solutions with a positive NPV
have been selectedrinally, if net energy production or GCemission reduction was one of the
objectives, the solution with the highest net energy production gre@@sionreduction(but with a
positive NP\J would be selectedn this section, the seilts are discussed per region.

BUSINESS AS USUAL

None of the 10,000 solutions generated for the Business as Usual scenaripdsét/e NPV. So the
best solution is the start configuration, wdan NPV ofzero. Hence, in this scenario, there will be no
biomethane production and thas distribution infrastructure remains as it is.



CARBON CONSTRAINTS

Figure 3a) shows the NPV and G@mission reduction of the natominatedsolutions in theCaibon
Constraints scenario. The design of the preferred soligisimown in Figure 5(b)Jt has four digestion
centers that are supplied witiiomass from other locations by means of trucks. Each digester
installation hasts own upgrading plant. As can Iseen, of only a limited number of locatiotie
biomass is used. This is due to the low hourly gas demand in this retjich,requires expensive gas
balancing measures to further increase the biometraeiction. Already, there are two gas storages
in operation that buffer theiomethane in times of surplus. However, adding more storage capacity
wouldresult in a negative NPV.

TIGHT MARKET

Figure 3b) shows NPV and net energy production of the-dominated solutions the Tight Market
scenario. The ekign of the preferred solution is shownFigure 6(a) This solution has five digester
installations, of which three apentral digesters to which biomass is transported from other locations.
Each digesteinstallation has an upgrading plant on sitempared to the preferregblution in the
Carbon Constraints scenario, more biomass is used. This is die ttigher compensation for
biomethane in the Tight Market scenario: the biometlsaibsidy is the same but the gas retail price is
double that of th&CarbonConstraints scenario. Furthermore, since more biomass is used, also more
gasneeds to be stored in this scenario.
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Figure 3. Performance indicators of the non-dominated solutions in the Carbon Constraints
and Tight Market scenarios. The solutions chosen and presented in Figure 5(b) and 6(a) are
given in white.

RENEWABLE SELF-SUFFICIENCY

NPV, net energy production, and €®@®mission reduction of the natominatedsolutions in the
Renewable Selfufficiencyscenario are shown in Figure @f the solutions with a positive NPV, the
one that has both the highest C@&aission reduction and highest net energy produdias been
chosen Its design is shown iRigure 6(b) In this solutbn more biomethane is produced than in the
preferredsolutions in the Tight Market and Carbon Constraints scenarios. However irevee
Renewable Sel$ufficiency scenario, which has the highest incentive to probisceethane, not all
biomass is used.HE biomass from the biomass cemgemot used either.
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Figure 5: Gas distribution network: (a) initial configuration, (b) design of the chosen solution
in the Carbon Constraints scenario
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