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BIOMASS GASIFICATION — BASED HYDROGEN
PRODUCTION SUPPLY CHAIN ANALYSIS UNDER
DEMAND VARIABILITY
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ABSTRACT. In this paper, a discrete event model is developed in order to
address biomass gasification based hydrogen production supply chain
analysis under demand variability, with Arena software. Hydrogen production
supply chain system is evaluated in terms of: hydrogen amount sold and
hydrogen amount stored (MW-h), hydrogen lost sales amount (MW-h), partial
sales per cent and gasification plant profit (MM Euros). Hydrogen production
supply chain assessment under demand variability provide a “what if” analysis
and help foresee how hydrogen demand variability, hydrogen delivery distance
variation and hydrogen production cost variation would affect the entire
biomass gasification based hydrogen production supply chain, especially the
gasification plant, during one year time frame (8000 working hours). In order to
reduce the wood chips quality degradation and dry matter losses risks over the
storage period and to meet the gasification reactor requirements in terms of
raw material properties a stock optimization is performed in Arena OptQuest
resulting in a decrease of wood chips stock at the gasification plant and at the
biomass warehouse. Hydrogen demand variation result is a decrease of
gasification plant profit. Also, hydrogen delivery distance influence on gasification
plant profit is more pronounced when hydrogen demand variation is higher.
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INTRODUCTION

Due to outgrowing competitiveness on the market, supply chain
analysis and optimization become a matter of great importance in maximizing
global system revenue [1]. Supply chain analysis through discrete event
simulation techniques can be applied to various types of processes from the
pharmaceutical industry, food industry, chemical processes, energy conversion
systems, etc. resulting in increased profit, increased service levels, better
process understanding [1].
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Given the continued growth in the world’s population and demands for
higher standards of living and better air quality as well as the progressive
industrialization of developing nations, the global demand for energy is
expected to continue to escalate in the coming decades [2, 3]. Currently, the
world energy production systems are mostly based on fossil fuels exploitation
(oil for transportation, coal and natural gas for heating and electricity
generation), resulting in large amounts of carbon dioxide emissions, main
responsible for climate change and global warming [4]. The current fossil fuel
systems must be changed gradually to clean and reliable energy systems,
enabling to reach the sustainable vision of future energy systems [5].

Hydrogen is an energy carrier that has the potential to become a
significant source of energy generation in the future, both in the transportation
sector as well as for power generation [6], but in order to achieve the vision of
a sustainable hydrogen based economy the entire hydrogen supply chain
system must be considered, from the raw materials production, preparation
and storage stages to the hydrogen production and delivery stages [7].

In this paper, a discrete event model is developed in order to address
biomass gasification based hydrogen production supply chain analysis under
demand variability, with Arena software. Hydrogen production supply chain
system is evaluated in terms of: hydrogen amount sold and hydrogen amount
stored (MW-h), hydrogen lost sales amount (MW-h), partial sales per cent and
gasification plant profit (MM Euros).

This paper focuses on assessing the biomass gasification based
hydrogen production supply chain, from the raw material supply, preparation
and storage stages to the hydrogen production stage, from which hydrogen is
delivered to consumers by pipeline transportation, as depicted in Figure 1.

i Hydrogen Production Hydrogen Distribution |

Hydrogen to
Consumers

Biomass Steam
Gasification Plant

Pipeline

Figure 1. Hydrogen production supply chain (adapted from [7])
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PROCESS DESCRIPTION

A. Biomass supply chain

Biomass represents a renewable resource that is CO, neutral, making
it suitable for hydrogen production as the concern of global warming increases
[8]. Biomass characteristics are determined by two type of analysis: ultimate
and proximate analysis. The information provided by those analysis and also
the calorific determination (high heating values and lower heating values) are
used for evaluating the suitability for given application (hydrogen production by
gasification in this case) [9]. The characteristics of biomass used as feedstock
to the gasifier are given in the Table 1 [10].

Table 1. Biomass characteristics

Parameter Units Dry basis
Ash content [wt.%] 0.29
Volatiles [wt.%] 86.45
Fixed carbon [wt.%] 13.26
Carbon [wt.%] 50.23
Hydrogen [wt.%] 6.04
Nitrogen [wt.%] 0.05
Oxygen [wt.%] 43.382
Sulphur [wt.%] 0.005
Chlorine [wt.%] 0.003
LHV [MJ/Kkg] 13.61

The following activities are required to supply biomass from its
production point to the gasification plant in order to be used as raw material for
hydrogen production: collection of biomass in the forest, loading and unloading
operations, transportation through the supply chain nodes, storage and pre-
processing operations [11]. For the present study it is assumed that the wood
is supplied from the surrounding area of hydrogen production plant, from within
a radius of 25 kilometers and the wood trunks are dried naturally by open air
storage for about 1-2 years [12], then they are pre-processed at the biomass
pre-processing plant. Biomass pre-processing in this case involves chipping
operations.

Storage throughout the biomass chain is necessary to adequately
match biomass supply and hydrogen production plant demand [13]. Storage
options depend on the climate, storage period, biomass processing stage and
may vary from open air, roof covered and air fan [13]. Wood chips storage type
for the present case is assumed to be roof covered.

31



MIRELA MURESAN, CALIN-CRISTIAN CORMOS, PAUL-SERBAN AGACHI

B. Biomass gasification plant

There are different technologies for biomass conversion to hydrogen
based either on bio-chemical or thermo-chemical processes, but main focus is
the gasification of woody biomass for which various process concepts and
reactor designs have been developed [14]. The hydrogen production process
chosen for this study is based on biomass steam gasification in dual fluidized
bed reactor system, process developed at the Institute of Chemical
Engineering, Vienna University of Technology. Detailed description of the DFB
system can be found in [10,15-17].

The results of an Aspen Plus® simulation model [18] for the hydrogen
production process based on biomass steam gasification in dual fluidized bed
reactor system are used as inputs for developing the Arena discrete event
simulation model of the hydrogen production supply chain system. The main
overall gasification plant performance parameters resulted from Aspen Plus®
simulation and used as inputs for the Arena model are given in Table 2 [18].

Table 2. Main plant performance parameters

Parameter Units Value
Biomass input (40% wet, wf) t/h 18.76
Biomass (LHV) MJ/kg 9.59
Biomass input MW 50

Hydrogen output Nm*h 11807
Hydrogen (LHV) MJ/Nm?® 10.79
Hydrogen output MW 35.39
r]h\/droqgn % 70.78

C. Hydrogen distribution and storage

Hydrogen can be stored as liquid hydrogen, main advantage being its
high density at low pressure, making it efficient for truck delivery [19] or as
compressed gas in high pressure vessels, method preferred for fuel cell
vehicle use, because of the affordable cost and the possibility of indefinite time
storage [20,21].

There are several ways of hydrogen delivery: compressed gas truck
delivery, cryogenic liquid truck delivery and delivery by pipeline, the latter being
the cheapest option with the highest capacity of hydrogen delivery [21]. For the
present study it is assumed that hydrogen is delivered to consumers by
pipeline transportation. High pressure is needed to ensure the transportation
from production sites to end-users with low energy consumption (pressure
drop along pipes network).
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METHODOLOGY AND MODELING ASSUMTIONS

A discrete event model is developed in order to address hydrogen
production supply chain analysis under demand variability, during one year
time period (8000 working hours). The model is developed using Arena software
and it is based on the methodology described by Tayfur and Melamed [22].
The biomass gasification-based hydrogen production supply chain consist of
the following stages: biomass supplier, biomass pre-processing plant, wood
chips warehouse, biomass gasification plant where the hydrogen demand
arrives, as depicted schematically in Figure 2.

H:to storage QOcp, Rep Rw, rw Qr, Rp
T i .} {_ @ r--ll...l---.--.1|
1
| ! v
H:demand Biomass Biomass Pre-
3 Steam Wood Chips | p . Biomass
Gasification 1€ Wareh LOSSINNES: 26— Supplier
é _____ Plant arenouse Plant

H:to consumers

T
|
| Dood chips = 0.5 knt Dbiomass = 25 km
H:lostsales

Figure 2. Gasification based hydrogen production supply chain structure
(adapted from [7])

Whenever the gasification plant biomass inventory down-crosses
level Rgp(i), a replenishment of quantity Qgp(i) is ordered from the wood
chips warehouse. The unsatisfied demand quantity is backordered from the
warehouse [7]. The wood chips warehouse also uses a continuous review
(ro(i), Rw(i)) policy [22]. The biomass at the pre-processing plant is ordered
from the supplier. The biomass pre-processing plant orders assumed to be
always fully satisfied, and the inventory control policy is a continuous review
(Qp(i), Rp(i)) policy [22]. The inventory control parameters are given in Table 3.

Table 3. Inventory control parameters (tonnes)

Biomass Gasification Wood Chips Biomass
Plant Warehouse Pre-Processing Plant
Rep=450.24 Rw=1350.72 Rp= 706400
Qcp=112.56 rw= 900.48 Qp=529.68
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Each of the biomass gasification-based hydrogen production supply
chain stage is modeled in Arena using a series of blocks as depicted in
Figure 3. The gasification plant stage is subjected to the following events:
hydrogen demand arrival, wood chips inventory check, order more raw
material from the wood chips warehouse if necessary, hydrogen production,
wood chips inventory updating, hydrogen delivery to customers, hydrogen
inventory update and gasification plant profit calculation. The other stages
are subjected to similar events (biomass order arrival, inventory check and
updating, order shipment).
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BIOMASS PREPARATION PLANT

& b
— I stop Cprep
-

biomass demand

biomass

\0 ‘L;
arrival at cwepl ~|| assign Cprep shall we propess

& 3
rDccEr.I to Cprep)
A 4

Seize Corep

wait for
invemtory on C

prep

|

t & X
take away from
Cprep inventory
" 4

der fiom Bio
supplier

ord fram BS and
— || update Cprept
0 nventory positio

BIOMASS SUPPLIER

Cprep demand \ "
arrival at BS l
0

Releese Cprep

decrease
warehouse
backorder

shall we release
Cprep order

assign BS ]‘T

change flag for 0
I | prder from Cprepll L| | Separate 15 | ———

order arrival at
Cprep

update Cprep | /f Dispose Cprep
inventory demand

T

]

Figure 3. Arena model block diagram

The main Arena model input data are presented in Table 4. Hydrogen
production cost is estimated from [23], hydrogen storage and delivery cost
derived from [21]. Hydrogen is considered to be stored as compressed gas, for
short term and delivered to consumers by pipeline transportation. Gasification
plant profit is calculated at each discretization step, with Equation 1 and the
value obtained is added to the profit value obtained from the previous step.

Profitep= (Hamp -Hapc* Duistance) XHzasoid = Hapc XHaaproduced = Hasc XHaastored

)
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Table 4. Arena model input data

Tree trunk quantity 22.07 t/h
Chipping efficiency 85%
Wood chips input 18.76 t/h
Wood chips input (LHV) 50 MW
Moisture content 40%
Hydrogen output (LHV) 35.39 MW
Hydrogen production cost # 120 €/MW
Hydrogen storage cost b 5.3 €/IMW
Hydrogen delivery cost © 12.21 €/MW/100 km
Hydrogen market price d 145 €MW

abChased on LHV, 1 € = 1.35 US $[24], “(Fa, b, ) + 5% mark-up

In order to assess the biomass gasification based hydrogen supply
chain the following cases are considered: hydrogen demand at the gasification
plant is considered to: i) be equal to hydrogen production rate and hydrogen
delivery distance is 50 km (Base case), ii) follow a TRIA (min, mlv, max)
distribution of £5% of hydrogen production rate and hydrogen delivery distance
is 50 km (Case 1), iii) follow a TRIA (min, mlv, max) distribution of +10% of
hydrogen production rate and hydrogen delivery distance is 50 km (Case 2).
Also for each of the cases considered hydrogen delivery distance is varied
according to: i) UNIF (min, max) distribution between 10-50 km, ii) UNIF (min,
max) distribution between 50-100 km. For the “Base case” hydrogen production
cost is varied: i) between 100 and 120 €/MW (Optimistic Case - OC) and
ii) between 120 and 140 €/MW (Pessimistic Case - PC). If the available
hydrogen amount is smaller than the hydrogen demand, the current hydrogen
demand is partially satisfied, or if it is bigger than the hydrogen demand, the
remaining hydrogen amount is stored.

Also the following assumptions are made: the biomass transportation
delays (which include transportation time, loading and unloading operations
duration) distribution is also UNIF (min, max); no partial orders are delivered
(the shipment is delayed until full order becomes available); the wood chips
warehouse is located in close vicinity of the pre-processing plant therefore the
transportations delays are neglected. Biomass is supplied from the surrounding
area of hydrogen production plant, from within a radius of 25 kilometers and
the distance between the wood chips warehouse and the biomass steam
gasification plant is around 0.5 km.
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RESULTS AND DISCUSSIONS

As mentioned above, the following assumptions are made for the Base
case (BC): hydrogen demand variation is equal to hydrogen production rate,
hydrogen delivery distance is 50 km and hydrogen production cost is 120 €/ MW.
100 replications with 8000 hours length and 240 hours warm-up period are
simulated. The results for the Base case are illustrated in Table 5.

Table 5. Base case simulation results

Time Persistent Average value
Biomass pre-processing plant stock (t) 706458.31
Wood chips warehouse stock (t) 914.97
Gasification plant wood chips stock (t) 552.98
QOutput Average value
Hydrogen amount sold (MW-hx10%) 28.31
Hydrogen amount stored (MW-h) 0.00
Hydrogen lost sales amount (MW-h) 0.00

Partial sales percentx10 (%) 0.00

Profit (MM Euros) 5.35

The profit registered by the biomass steam gasification plant is 5.35 MM
euros for the Base case. In order to reduce the wood chips quality degradation
and dry matter losses risks over the storage period and to meet the gasification
reactor requirements in terms of raw material properties a stock optimization is
performed in Arena OptQuest for the gasification plant and the warehouse.
The gasification plant and warehouse wood chips stocks variations are
illustrated in Figure 4 for simulation time between 7900 and 8000 working
hours. As can be seen in Table 4 and Figure 4 the gasification plant and
warehouse wood chips stocks are quite high (gasification plant: 552.98 tonnes
of wood chips — average value, warehouse: 914.97 tonnes of wood chips —
average value) and also the wood chips stocks are most of the time above the
reordering points. The wood chips stored amount is decreased after the
optimization is performed. The control variable for the gasification plant wood
chips stock is Rgp (reordering point — if the wood chips stock at the gasification
plant decreases below the reordering point a new reshipment of material is
ordered from the warehouse). The control variable is varied between 20 and
460 tons of wood chips (with a step size of 20) and the objective function is the
minimization of gasification plant wood chips stock. Similar optimization is
performed for the warehouse wood chips stock. The control variables are ry
and Ry, and they are varied between 80 and 900 tons (step size 20),
respectively between 240 and 1360 (step size 20).
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Figure 4. Wood chips stock variation

For each optimization, 100 simulations are made with 100 replications
each. The optimum value found for Rgp is 120 tonnes which corresponds to
the objective function value of 234 tonnes (wood chips — average value for
wood chips stock at the gasification plant). The best values found for R, and ry
are 740 tonnes, respectively 380 tonnes and the objective function is 367.33
tons of wood chips (average value for the warehouse stock). After the
optimization step, the gasification plant and warehouse wood chips stocks are
decreased by 58%, respectively by 60%.
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Performance parameters
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Figure 5. Hydrogen demand variation
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Figure 5 illustrates the performance parameters considered for
biomass steam gasification based hydrogen production supply chain analysis
under demand variation. The gasification plant profit decreases by 26.3% for
Case 1, respectively by 52.6% for Case 2, compared with the Base case. As
hydrogen demand increases, hydrogen amount stored and hydrogen lost
sales amount increase from zero at Base case to 53 MW-h and 55 MW-h for
Case 1 and 106 MW-h and 110 MW-h for Case 2.
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7,00 1 mD=10- 50Kk

6,00 ED=50km

BC Casel Case2

Figure 6. Hydrogen delivery distance variation
(HZproduction cost= 120 €]/ MVV)
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For each of the three cases considered, hydrogen delivery distance is
varied from 50 km to 10- 50 km and 50-100 km. The gasification plant profit
variation with hydrogen delivery distance is represented in Figure 6. For the
base case hydrogen production plant profit increases by 13% if hydrogen
delivery distance is varied from 50 km to an interval of 10-50 km and
decreases by 16% if hydrogen delivery distance is varied from 50 km to an
interval of 50-100 km.

For Case 1 hydrogen production plant profit increases by 16% if
hydrogen delivery distance is varied from 50 km to an interval of 10-50 km and
decreases by 23% if hydrogen delivery distance is varied from 50 km to an
interval of 50-100 km and for Case 2 the profit increases by 23% if hydrogen
delivery distance is varied from 50 km to an interval of 10-50 km and
decreases by 39% if hydrogen delivery distance is varied from 50 km to an
interval of 50-100 km. Hydrogen delivery distance influence on gasification
plant profit is more pronounced when hydrogen demand variation is higher.
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Figure 7. Hydrogen production cost variation
(H2 demand = H2 production rates Dhydrogen delivery =50 km)

Figure 7 illustrates hydrogen production cost influence on gasification
plant profit, for the Base case. In the Optimistic case (OC) it is assumed that
hydrogen production cost decreases from 120 €/ MW to 110 €/MW and 100
€/MW. In this case, the hydrogen production plant profit increases by 53%,
respectively by 103%. In the Pessimistic case (PC) it is assumed that
hydrogen production cost increases from 120 €/ MW to 130 €/ MW and 140
€/MW. Gasification plant profit decreases from 5.35 MM Euros to 2.5 MM
Euros and to -0.3 MM Euros. Hydrogen market price it is assumed to be
constant (145 €/MW).

40



BIOMASS GASIFICATION — BASED HYDROGEN PRODUCTION SUPPLY CHAIN ANALYSIS

CONCLUSIONS

Hydrogen production supply chain assessment under demand
variability provide a “what if” analysis and help foresee how hydrogen demand
variability, hydrogen delivery distance variation and hydrogen production cost
variation would affect the entire biomass gasification based hydrogen
production supply chain, especially the gasification plant, during one year time
frame (8000 working hours).

In order to reduce the wood chips quality degradation and dry matter
losses risks over the storage period and to meet the gasification reactor
requirements in terms of raw material properties a stock optimization is
performed in Arena OptQuest resulting in a decrease of wood chips stock at
the gasification plant and at the warehouse.

Biomass gasification based hydrogen production supply chain system
is evaluated in terms of: hydrogen amount sold and hydrogen amount stored
(MW-h), hydrogen lost sales amount (MW-h), partial sales per cent and
gasification plant profit (MM Euros). Hydrogen demand variation result is a
decrease of gasification plant profit. Also, hydrogen delivery distance influence
on gasification plant profit is more pronounced when hydrogen demand
variation is higher.
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