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Abstract: Solar biomass gasification is an attractive pathway to promote biomass valorization while
chemically storing intermittent solar energy into solar fuels. The economic feasibility of a solar gas-
ification process at a large scale for centralized Hz production was assessed, based on the discounted
cash-flow rate of return method to calculate the minimum H: production cost. H2 production costs
from solar-only, hybrid and conventional autothermal biomass gasification were evaluated under
various economic scenarios. Considering a biomass reference cost of 0.1 €/kg, and a land cost of 12.9
€/m?, H2 minimum price was estimated at 2.99 €/kgr2 and 2.48 €/kgm for the allothermal and hybrid
processes, respectively, against 2.25 €/kgrz in the conventional process. A sensitivity study showed
that a 50% reduction in the heliostats and solar tower costs, combined with a lower land cost of
below 0.5 €/m?, allowed reaching an area of competitiveness where the three processes meet. Fur-
thermore, an increase in the biomass feedstock cost by a factor of 2 to 3 significantly undermined
the profitability of the autothermal process, in favor of solar hybrid and solar-only gasification. A
comparative study involving other solar and non-solar processes led to conclude on the profitability
of fossil-based processes. However, reduced CO2 emissions from the solar process and the applica-
tion of carbon credits are definitely in favor of solar gasification economics, which could become
more competitive. The massive deployment of concentrated solar energy across the world in the
coming years can significantly reduce the cost of the solar materials and components (heliostats),
and thus further alleviate the financial cost of solar gasification.

Keywords: solar gasification; hybridization; hydrogen; biomass/waste conversion; syngas; econom-
ics

1. Introduction

Today, around 96% of hydrogen is generated from fossil fuels (78% from natural gas
and liquid hydrocarbons and 18% from coal) and only a low proportion of 4% is generated
from water electrolysis [1]. In industry, hydrogen is mostly generated using carbon-based
COz-emitting methods, such as steam reforming of light hydrocarbons, partial oxidation
(POX) and autothermal reforming (AR) (which is a combination of the two previous pro-
cesses) followed by coal gasification. Although extremely dependent on the price of nat-
ural gas, steam reforming remains the most preferred pathway for H2 production given
that it reached a high state of maturity outlined by lower production costs, usually below
2 $/kg of H, including CO: capture and sequestration [2,3].

Currently, the largest volumes of hydrogen, produced or commercially available, are
consumed in the chemical industry with a share of 63% for the production of ammonia,
methanol, polymer and resin industries. Refineries are the second largest hydrogen con-
sumers with a share of more than 30%, mainly for hydrocracking and crude oil hy-
drotreatment. Metallurgical industry consumes around 6% of the share. It is followed by
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general industries such as semiconductor, glass production, hydrogenation of vegetable
oils and fats, etc., with a minor share of 1% [4].

Hydrogen, used as an intermediate chemical species for the above-mentioned pro-
cesses, is also seen as a promising zero-carbon footprint energy vector for massive storage
of intermittent renewable energies. Clean, i.e., COz-neutral hydrogen, can be produced
using biomass or/and water as primary feedstocks. The most mature methods for decar-
bonized Hz production are water electrolysis and steam biomass gasification [5]. Possibly
powered by a renewable energy source such as solar or wind, electrolysis uses an electrical
current to split water electrochemically into separate streams of H2 and O:. Being com-
mercially available for over a century, current commercial electrolysers reach single-
stack/module capacities of several megawatts with conversion efficiencies up to 85% [6].
Biomass gasification has advantages from the extensive accumulated experience of fossil
fuels thermochemical gasification, which represents the state-of-the-art for industrial-
scale H2 generation. Biomass steam gasification produces a synthesis gas composed of
both Hz and CO at a high temperature (>900 °C). The syngas, therefore, needs to be up-
graded (shifted to hydrogen) and purified in downstream equipment. According to the
IEA Bioenergy’s report in 2018 [5], hydrogen production from biomass, as a complemen-
tary route to increase the share of renewables, cannot be accomplished without the full-
process chain validation at a large scale, involving an optimal biomass gasification tech-
nology capable of treating and converting a wide range of feedstocks.

Considering the growing demand of biomass in the future, the optimization of the
conversion systems to make the best use of biomass is an absolute necessity. A promising
way to save the biomass resource while maximizing the yield, quality and purity of the
synthesis gas consists of using concentrated sunlight as an external source of energy to
drive the endothermal thermochemical reactions instead of continually burning a part of
the feedstock. The process goal is to replace feedstock combustion totally (solar-only sys-
tems) or partially (hybrid solar/autothermal systems), thanks to external heating using
high-temperature concentrating solar technologies.

The solar process viability for coal and biomass gasification has been thoroughly
studied at both laboratory [7-13] and pilot scales [14-16]. Accordingly, the extrapolation
of these solar technologies to larger scales for semi-central or centralized green solar hy-
drogen production is auspicious in the future, in view of the increasing decarbonized hy-
drogen demand. Although more environmentally friendly than the conventional auto-
thermal biomass gasification process (because it avoids the use of part of the biomass
source for process heat), the question of the solar process’s economic feasibility and com-
petitiveness arises. On the one hand, the solar process allows for the production of a high-
quality synthesis gas with a higher gas output per unit of feedstock, and on the other hand,
the solar process is highly dependent on an intermittent heat source, which requires an
initial substantial investment. The question is, therefore, not simple, and requires detailed
investigation to highlight both technical aspects related to the management of the heat
source variability [17-20] and economic and financial aspects for accurate cost evaluation
[21-23]. In a previous work [19], a dynamic mathematical model of an up-scaled MW
steam solar gasifier was developed. The model was used to assess the transient behavior
of the reactor for three successive days with and without cloud cover. Different reactants’
feeding management strategies were proposed and compared, with the aim of achieving
enhanced syngas productivity and optimized use of solar energy. The OPTI mode con-
trolled the supplies (biomass and steam) in order to stabilize the reactor temperature
around a set point value (assumed to be 1200 °C) for as long as possible. The HYB pro-
duction mode used the OPTI mode when the solar irradiation was sufficiently high, to
gasify a minimum biomass flow rate (e.g., 1 t/h). Otherwise, the solar heating was assisted
by in situ injection of Oz to counteract the solar power decline and to maintain the reactor
temperature constant all day long. Annual data were generated thanks to the dynamic
model to estimate the feedstock consumption and syngas productivity under real solar
irradiation conditions.
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In the present work, a techno-economic study was carried out using the dynamic
model predictions regarding the yearly gas production with the two recalled control strat-
egies (OPTI and HYB). Hz cost at plant gate for the autothermal (non-solar), hybrid (so-
lar/optimized-combustion) and allothermal (solar-only) processes operating at different
design capacities is evaluated using the DOE’s H2A tool for hydrogen cost analysis [24].
Furthermore, a sensitivity study is performed to establish the impact of different factors
on the cost of hydrogen. Finally, the cost of hydrogen is compared with other solar and
non-solar processes for Hz generation.

2. Solar Hydrogen Cost Model
2.1. General Principle

The DOE’s H2A tool used in this study is based on the Discounted Cash Flow (DCF)
rate of return method. DCF analysis finds the present value of expected future cash flows
using a discount rate. The Internal Rate of Return (IRR) is the discount rate that cancels
the Net Present Value (NPV). The NPV calculation (Equation (1)) converts all the expected
future cash flows of a project into their “present value”, i.e., their value at the initial time,
at the very beginning of the project. Then, all the present values are added together to
characterize the overall value of the company’s project, in other words, the profitability of
the project. The NPV is the cash flow generated at the end of the project

p=N

— FP
NPV——I+;(1+l.)p 1)

with I, the investment, Fy, the cash flow for year p, N, the total duration of the project
(years), ‘i, the discount rate (it reflects the cost of capital, so it may take the value of the
market interest rate for a comparable duration, even though this value is often discussed).
In the DOFE'’s tool, ‘i’ is fixed and the model calculates the minimum hydrogen price so
that the NPV cancels.

The starting point is a reference conventional (non-solar) biomass gasification pro-
cess, previously developed by Mann and Steward [25]. The minimum cost of hydrogen
was calculated with an indirectly heated steam woody biomass gasifier (based on a dual
fluidized bed technology). The process model included biomass treatment and injection
units, the reactor, gas compressors and scrubbing units, followed by a steam methane re-
former (SMR), water gas shift reactors (WGS), and a Pressure Swing Absorption (PSA)
unit to reach a hydrogen purity above 99.9%. Hydrogen was thereafter compressed to 7
MPa prior to shipment through a pipeline. In order to minimize the plant water consump-
tion, the water contained in the syngas was recovered at different points of the cycle.
Moreover, part of the electricity needed by the chemical plant was generated by recover-
ing heat from the high-temperature syngas. A heat-recovery system using a steam turbine
and a generator was, therefore, coupled to the chemical units. More details about the en-
ergy/material inflows and outflows can be found in [25]. The solarization of such a chem-
ical process impacts a number of factors, including the capital investment, the O&M costs,
and the plant biomass, water and electricity consumptions. These factors were estimated
and integrated with the previously developed cost model using the dynamic simulation
results (for yearly productivity estimation), as well as the previously reported Concen-
trated Solar Tower (CST) plants” operational costs.

2.2. Cost Model Assumptions
2.2.1. Basic Flow Diagram

The solar powered chemical process was modeled using the measured solar data (av-
eraged over a 19-year period: 1991-2010) in Odeillo, in France. This region is characterized
by a high duration and quality of sunshine (more than 2.2 MWh/m2.year) with a great
clarity of atmosphere.
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The basic process flow diagram is described in Figure 1. It consisted of a solar plant
composed of a heliostat field and reflecting towers (beam-down technology), and of a
chemical plant for biomass gasification and gas processing/purification. The gasifier was
fed by both steam and air. Air injection was considered only when operating in full auto-
thermal or in hybrid (solar-combustion) modes. In the model, gas cleaning and upgrading
chemical units (such as WGS and PSA) were assumed to be able to withstand rapid
changes in gas flows and composition. WGS aims to react CO with H20 to produce H:
and COz, while PSA is used to obtain a pure Hz stream as a process output. The PSA off-
gas thus has no calorific value because CO is first shifted to Hz in the WGS unit, which
means the calorific value of CO contained in the produced syngas is recovered in the form
of Hz after WGS. As the aim was here to yield pure Hz (for purpose of comparison with
other H2 production methods), the remaining PSA off-gas was not further considered in
the study (the remaining PSA off-stream would consist of mainly CO2 and Nz, but further
post-processing was not included).

Heat Heat
As received recovery recovery
Biomass Steam v

Biomass || Solar || Gas |

Steam

-

Reforming | WGS [* PSA [ Compress. [~ H,

treatment Reactor cleaning
t Raw syngas
Air
“T Steam Heat
: Steam <« ¢yrpine | recovered
Solar plant x A
_,// Cooling +
e makeup

Figure 1. Biomass solar gasification flow diagram.

2.2.2. Capital costs
(i)  Direct capital costs:

The major chemical component costs (installed) at the chemical baseline (defined by
a design capacity DC of 155,236 kg of Hz per day) are presented in Table 1.
These costs were scaled to different design points using Equation (2).
DC
Chemical_baseline DC

with #diemica = 0.78 [25] and DC in kg of Hz per day.

1= — n :
Component l COStat DC — Component at chemical_baseline COSt-( ) chemical (2)

Table 1. Direct capital costs at chemical baseline (installed, to be scaled).

Me€
Feed Handling and Drying 24.57
Gasification, Tar Reforming, and Quench 21.84
Compression and Sulfur Removal 20.28
Steam Methane Reforming, Shift, and PSA 39.39
Steam System and Power Generation 18.72
Cooling Water and Other Utilities 4.42
Buildings and Structures 19.26

The heliostat field cost at DC was calculated by Equation (3).

Heliost cost,; pc = Mirror reference cost. field surface 4 pc 3)
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Chemical land cost = land cost per m?. (

DC

t solar_baseline- - 4
at sofar-Daseiine” golar_baselinegpr; yyg DC @)

field surface 4 pc = field surface

The mirror reference cost in €/m? was assumed to be equal to 120 €/m? based on refer-
ence [26]. The solar baseline was defined by a thermal power input on the solar field of 10
MW (at a Direct Normal Irradiance DNI of 1000 W.m2). Thus, Solar_baseline orri, nys DC
was directly deduced from the previously developed dynamic model [19]. It was esti-
mated at 1402.0 kg H>/day for the OPTI mode and 4196.1 kg Haday for the HYB mode.
The field surface at solar_vaseine in m? was calculated by Equation (5)

_ qunﬁfield,max

field surface ine = (5)
at solar_baseline DN[max
Wlth QSMH—»ﬁSld,WlﬂX: ].0 MW and DNImax= 1000 W.m’2.
Similarly, the fower cost « pc was calculated by Equation (6).
DC
tower costy, pc = tower coStas solar baseline - Solar_baselinegmm g DC 6)

As tower costs in the literature are often expressed in € per MWe, tower cost at solar_baseline
was deduced from Equation (7), assuming a solar-to-electric efficiency nsoar-to-ctectric of 30%
[27] including the receiver thermal efficiency and a field efficiency roptfiets of 70% [28].

tower costat solar_basetine = tower cost in €/10 MW, (nopt,field- Nsolar—to—electric) (7)
Tower cost per 10 MW. was considered equal to 2 M€ based on the data provided by
Becker et al. [29] in the Ecostar roadmap;
(i) Indirect depreciable capital costs:

The site preparation, engineering and design, project contingency and up-front per-
mitting costs were calculated by applying a percentage to the sum of the direct capital
costs of the overall plant (solar and chemical). These percentages were, respectively, 2%,
10%, 15%, 15%;

(iii) Non-depreciable capital costs:

The cost of land, which can greatly vary depending on the plant’s location, was var-
ied from 0.5 to 50 €/m2. A typical serviced land in Odeillo costs up to 150 €/m? while bare
land in rural regions costs only few cents to few euros per m2. Equation (8) was used to
estimate the plant land cost.

Land cost = Chemical land cost + Solar land cost (8)

The chemical land cost was calculated by Equation (9).

DC
Chemical_baseline DC

Yiehemical , Chemical. land requiredg chemical_pasetine  (9)

where the chemical plant land required at baseline design capacity was assumed equal to
20.2 hectares. The solar land cost was calculated by Equation (10).

Solar land cost = land cost per m?.solar field sizey pc (10)
The solar field size « pc was considered seven times the field surface « pc (Equation (4))
according to the PS10 plant data in Spain[30].

2.2.3. Fixed Costs
The total plant staff was calculated by Equation (11).

Plant staff = Chemical plant staff + Solar plant staff (11)
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Chemical plant staff
. DC (kg Hy/day) % (12)
chemical plant staf fat chemical_basetine: Chemical_baseline DC (kg H,/day)

The chemical plant staff u chemical_baseiine was considered equal to 54. The CST plant associ-
ated one operator for each 6.25 hectares of mirrors, following the equation provided by
Sargent and Lundy [31]. The total plant staffing cost was thus deduced, assuming a bur-
dened labor cost of 54 €/person/h. The general and administrative expenses were esti-
mated as 20% of the total plant staffing cost. The property taxes and insurance were as-
sumed to be equal to 2% of the total capital costs, and the material maintenance costs and
repairs were assumed to be equal to 0.5% of the project direct capital costs.

2.2.4. Utilities, Feedstock and Variable Costs
(i) Water:

Water was used for different purposes, beyond its main role as a biomass oxidizer.
Water was used to clean (by removing impurities such as particulates and tars residuals)
and to shift the syngas into hydrogen. An important amount of water was also used for
the cooling of syngas at the exit of the gasification unit and after the last stages of com-
pression. It was also substantially used for heat rejection in the condenser and as a makeup
for the steam cycle. Design calculations allowed for estimation of the process water con-
sumption at about 3.8 L/kg of Ha. The cooling water consumption was considerably higher,
at around 300.0 L/kg of H2 [25]. Additional washing water was required for the solar-
powered chemical plant due to the periodic cleaning of the mirrors. Considering a wash-
ing water consumption Vuar of the heliostat field of 18 L/MWhin,on fietld [32], the amount of
required water per kg of H2 was deduced from Equation (13). The total cost of water per
kg of H2 was hence calculated by Equation (14)

qun—»field,max
ater- .
Solar_baselineppr; yyp DC

Washing water =V, (13)

Cost of water = (Washing water + Process water).C2 + Cooling water. C3 (14)
with C2=6.1 x10*€/L and C3=3.0 x 105 €/L;.

(ii)  Electricity:

The different chemical plant sections consumed electricity to different extents. The
compression of syngas was the most energy-demanding step in the process, representing
up to 60% of the total electricity requirement. The heat recovery system generated most
of the power. The deficit in electricity was, therefore, directly supplied by the grid. In
conventional CST plants, the electrical requirement comprises the Heat Transfer Fluid
(HTF) pumping, along with the electricity used for tracking the solar rays, which remains
very low. As there is no HTF in the proposed solar gasification concept, and as the energy
of the tracking is of minor significance [33], the electricity requirement of the solar plant
was neglected. The overall process electricity requirement (supplied by the grid) was es-
timated in the previous cost model [25] at 0.98 kWhe/kg of Hz, with a cost of electricity of
0.1 €/kWh;

(iii) Biomass:

Biomass consumption varies depending on how the gasifier is heated. In solar gasi-
fication, the available solar energy is collected, then concentrated by a field of mirrors and
towers to ensure the complete and total conversion of the biomass load. In a purely auto-
thermal mode, the reactor is heated solely by burning part of the feedstock. In the hybrid
mode, the biomass is partially burned, but to a lesser extent than in pure autothermal
mode, as it is complemented by solar power when available. The prediction of the biomass
consumption (expressed in kgpiomassdry/kg of Hz) for the three modes, OPTI, HYB and au-
tothermal, was done based on the annual simulations. The biomass consumption of the
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three modes (OPTI, HYB, autothermal) used in the economic analysis are, respectively,
5.8, 87, and 9.7 kgbiomass,dry/ kgHZ,

(iv) Other costs:

Other costs include catalysts and bed materials, environmental surcharges, waste
treatment and solid waste disposal. These costs are recalled in Table 2 at the chemical
baseline design capacity.

Table 2. Other variable operating costs.

Me€

Other materials 7.00
Waste treatment 1.20
Solid waste disposal 0.73
Environmental surcharges 0.13

The scaling to different design capacities followed Equation (15) [25].

DC (kg Hz/day)
Chemical_baseline DC (kg H,/day)

Scaled variable cost = 1.426.Baseline cost.

(15)

3. Results and Discussion
3.1. Design Parameters

Table 3 shows the calculated design parameters in the three plant configurations.

Table 3. Comparison between the three studied processes at DC = 150,000 kgr,/day.
Autothermal Hybrid Allothermal
Plant size (hectares) 19.7 250.2 748.9
Solar power on field (MW) - 357.5 1069.9
Biomass consumption 1.45 x 10° 1.30 x 102 0.87 x 10°
(tdry/day)
Water consumption (m?3/day) 4.58 x 10* 4.60 x 10* 4.63 x 104
Annual Cold Gas efficiency 0.80 0.93 134
[19]
CO: emissions (t/day) [19] 1.04 103 5.78 102 29.5

The plant land surface area dramatically increases by 12 times in the hybrid mode
and by up to 37 times in the allothermal mode. The solar power is, therefore, 67% lower
in the hybrid mode compared to the allothermal mode, at the expense of a greater biomass
requirement. In fact, around 0.43 x 10% t/day more biomass is needed to power the reactor
during hybrid and full-autothermal phases, which represents about 30% of the total feed-
stock consumed by the hybrid process. The interest in the allothermal process lies in its
high CGE, which by far exceeds those of the hybrid and autothermal processes. The pro-
cess water requirement, which includes the heat-recovery system for local power genera-
tion, is hardly impacted by solarization, as water consumption due to mirror cleaning
represents only a small proportion of the total plant water requirement. CO:2 direct emis-
sions due to gasification process (reactor heating and/or gasification reaction) are, on the
other hand, 35 times lower in allothermal solar gasification because no combustion is used
for process heat supply in this case. The overall carbon balance includes additional green-
house gas emissions, which are released during the different phases of the solar plant’s
life-cycle, i.e., during raw material extraction, manufacturing and assembly, transport,
construction, site improvement, maintenance, replacements, dismantling/disposal and/or
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IRR: %

20

recycling. The application of credits for CO2 mitigation and pollution avoidance will fur-
ther enable the solar thermochemical technologies to compete favorably with fossil-fuel-
based processes or autothermal technologies.

3.2. Cost Assessment
3.2.1. Key Parameters

The project was assumed to start in 2030 with a construction period of three years. It
was financed through equity contributions and debt. All the financial inputs used in the
economic study are recapped in Table 4. Hydrogen cost evaluation was carried out with
a fixed operating capacity factor (CF) of 80% (accounting for possible maintenance and
outage times). Due to the novelty of the project that may discourage some of the investors,
the IRR was varied from 8% to 16%. The impact of equity financing (%) and the IRR on
the cost of hydrogen for the three presented configurations is shown in Figure 2 (at a DC
of 150,000 kg Hz/day, a biomass reference price of 0.10 €/kg and a land cost of 12.9 €/m?).
Due to the possible variability of the reference values for investment and operational costs
estimations (depending on seasonal variations, biomass type, plant location, exploitation
period, etc.), several sensitivity studies are proposed in the following discussion.

Autothermal Solar-hybrid Allothermal

40

60

Equity financing: %

IRR: %
IRR: %
Hydrogen cost: €/kg

N
n

~
°

80 100

20 40 60 80 100 40 60
Equity financing: % Equity financing: %

20 80 100

Figure 2. Impact of equity financing (%) and IRR on the cost of H2 (DC = 150,000 kg H>/day and a biomass reference price
of 0.1 €/kg and land cost of 12.9 €/m?).

It can be seen that these two purely financial parameters have a considerable impact
on the price of hydrogen, which varies from 2.41 to 5.15 €/kgm: for the solar-only heated
process, from 2.15 to 3.72 €/kgrz for the hybrid process, and from 2.03 to 3.02€/kgw: for the
autothermal (non-solar) process. The increase in equity financing (at the expense of less
incurred debt) drives up the cost of hydrogen markedly; for instance, for an IRR of 8%, an
equity increases from 0% to 100% raises the cost of hydrogen by 37%, 25% and 18% (solar-
only, hybrid, and autothermal, respectively). The influence of equity percentage on hy-
drogen price is, therefore, much greater for the allothermal process that required the larg-
est initial capital investment. In such cases, the capital investment of the major pieces of
equipment (installed) at DC = 150,000 kg Hz/day is 335.7 M€, while it is around 201.0 M€
for the hybrid process and only about 137.01 M€ for the non-solar autothermal process.
The new shares issued by the increase in equity contributions hence provide more room
to launch the investments, but, on the other hand, imply greater production costs.

Table 4. Financial inputs.

Start-Up Time (Years) 1
Analysis period and plant life (years) 30
Length of construction period (years) 3
% of Capital spent in 1st, 2nd and 3rd year of construction 8%, 60%, 32%
Depreciation Schedule Length (years) 20

Depreciation Type MACRS
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% of Fixed Operating Costs During Start-up (%) 100%

% of Revenues During Start-up (%) 50%

% of Variable Operating Costs During Start-up 75%
Decommissioning costs (% of depreciable capital invest- 10%

ment)

Salvage value (% of total capital investment) 10%
Inflation rate (%) 1.9%

Interest rate on debt 3.7%
Total Tax Rate (%) 25.7%

Working Capital (%) 15%

In the following, a percentage of equity of 40% with an IRR of 10% is considered. The
overall study reference assumptions are recapped in Table 5. The breakdown of the direct
capital costs of the studied plants is shown in Figure 3. In the solar-driven processes (solar-
only and hybrid solar/autothermal), the heliostat fields hold the largest share of the in-
vestment. It contributes to approximately 44% (solar-only) and 24% (hybrid) of the overall
direct costs, in agreement with previously reported conventional CST plant values [34,35].
The smallest solar plant size required for the hybrid process leads to a reduced hydrogen
price from 2.99 (allothermal) to 2.48 €/kguz (hybrid). The autothermal process is the cheap-
est, with a hydrogen price of 2.25 €/kgm2.

Table 5. Reference assumptions.

Biomass cost (€/kg) 0.10
Land cost (€/m?) 12.9
Mirror cost (€/m?2) 120
Tower cost (ME/MWin) 0.42
DC (kg Hz/day) 150,000
Electricity cost (€/kWh) 0.10
Water cost (€/m3) 0.61 €/m?3 (process), 0.03 €/m? (cooling)

m Feed handling & drying
m Gasification, tar reforming and quench
m Compression & sulfur removal

7%

@ Steam methane reforming, shift, and PSA
O Steam system and power generation
E Cooling water and other utilities

m Buildings & structures
O Heliostat fields
mTowers

3% 6%

9% 12%

16% 6% 18%

6% 11% i
24% 14//?
12 16%
10%
5% 4%

44% % 29%
9 = 2% 2% , 19%
9%

Solar-only Solar-hybrid

Autothermal

Figure 3. Direct capital investment breakdown (at reference assumptions, Table 5).

Figure 4 shows, in detail, the specific contribution of each item in the plant on the
total cost of hydrogen. Solarization respectively increases the capital and the O&M costs
by more than three times and up to 46% (in the allothermal configuration). Moreover, the
feedstock cost for the hybrid and the autothermal processes is the most predominant, and
contributes to nearly 37% and 39% of the total hydrogen production cost (at plant gate).
The allothermal process consumes less biomass, and, therefore, the feedstock cost is lower,
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Cost contribution (€/kg H,)

1.6
14
1.2
1.0
0.8
0.6
0.4
0.2

representing barely 20%. This is approximately 1.6 times less than for the autothermal
process. The impact on the plant variable costs and utilities remains very limited, showing
a relative variation of only 2%.

Autothermal

® Solar-hybrid

II I u Solar-only

Capital costs Feedstock costs Fixed O&M costs Other costs (variable,
raw mat.) & utilities

Figure 4. Specific contribution of each project component.

In the following sections, the influence of solar investment and biomass feedstock
costs, as major economic factors affecting the minimum hydrogen price, is studied. A sen-
sitivity analysis is carried out on these parameters to examine their impact on the profita-
bility, the competitiveness and the relevance of the projects.

3.2.2. Impact of Solar Investment

The solar investment represents a high proportion of the overall project expenditure,
which may be high enough to undermine the economic attractivity and viability of solar
processes. In coming years, and in view of the increasing deployment of solar energy
worldwide, the solar investment effort is expected to drop appreciably [26]. In fact, inno-
vative designs and new technological solutions are studied intensely at present in many
research laboratories with the objective of increasing the concentration efficiency and the
durability of the materials. In conjunction with the economy of scale, this should reduce
the solar costs to a certain extent, for the benefit of solar and solar hybrid gasification. In
this respect, the influence of a possible cost reduction of the main solar compounds (i.e.,
heliostat field and towers) on the minimum hydrogen price was studied (Figure 5).

—— Allothermal

—Hybrid
— Autothermal

0%

20% 40% 60% 80% 100%
Reduction (%) of heliostats+towers cost

Figure 5. Impact of solar technologies cost reduction on the hydrogen minimum price.

It can be observed in Figure 5 that the solar allothermal process is the most costly.
Moreover, the decline in the heliostat and tower costs results in reducing the hydrogen
minimum price in a more pronounced fashion in the allothermal configuration. In fact, a
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50% cost reduction declines the price of hydrogen by 0.37 €/kgm: for the allothermal pro-
cess, and by 0.12 €/kgr2 for the hybrid process. The intersection between the two curves is
achieved only when the cost reduction is beyond 95%, which is practically unattainable.
In any case, and whatever the cost reduction, solar and solar hybrid hydrogen generation
remains more expensive as compared to the conventional autothermal process, which is
due to major additional costs related to the heliostat field and tower, plant land, mainte-
nance and staffing. Design calculations allowed for estimating the total area occupied by
the solar plants (allothermal and hybrid): the heliostat field surface at DC = 150,000 kg
H:/day is estimated at 11.5 km? for the allothermal process and at 3.9 km? for the hybrid
process. This represents nearly 57 and 20 times the required chemical plant land surface.
Figure 6 shows the impact of the land cost (varied between 0.5 and 50 €/m?) on the hydro-
gen minimum price. The graphic shows the importance of the choice of land, which, apart
from being highly irradiated and allowing for continuous biomass supply, must be eco-
nomically profitable. In fact, a quite significant decrease in the cost of hydrogen from 2.99
€/kgH: at reference land cost (12.9 €/m?) to 2.63 €/kgn2at 0.5 €/m? is observed for the allo-
thermal process. As the hybrid plant occupies a smaller area, the hydrogen minimum
price decreases less markedly, by 0.16 €/kgt2 against 0.36 €/kgHz, in the allothermal process.
On the other hand, the autothermal configuration is almost insensitive to land cost, show-
ing a relative H> price variation of less than 0.5%. Additionally, a 50% reduction in the
heliostats and solar towers costs, combined with a lower land cost below 0.5 €/m?2, allows
for reaching an area of competitiveness where the three processes meet. This could also
correspond to a more favorable plant site in which the solar resource is greater, e.g., Chil-
ean desert, although the cost of water may be somewhat higher in desert locations.

50% reduction
on helio/s{tat field + towers.

—— Allothermal
——Hybrid

Autothermal

Cost of land (€/m?)

Figure 6. Impact of land cost on the hydrogen minimum price (solid lines: reference assumptions, Table 5; Chain-dotted
lines: 50% cost reduction on heliostats and towers).

Another important parameter affecting the level of solar investment is the plant de-
sign capacity. This parameter was varied in Figure 7 from 20,000 to 150,000 kg Hz/day to
analyze its impact on the solar/chemical direct costs and on the hydrogen minimum price.
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Figure 7. (a) Direct costs at different design capacities separated in two parts: solar and chemical and impact of scaling
exponent factor; (b) Hydrogen minimum price for different design capacities and impact of scaling exponent factor. For
the base case (solid lines), the scaling exponent factor is taken equal to 1 for the solar part.

It can be observed that the solar direct costs of allothermal process grow at least two
times faster than the hybrid process solar direct costs and the chemical facilities costs
(reaching a maximum value of 202.3 M€). Conversely, the increase in plant design capac-
ity reduces the hydrogen minimum price by up to 25%, 34%, and 39% for the allothermal,
hybrid, and autothermal processes, respectively. Additionally, due to the sharp rise in the
solar facility costs, the relative difference in hydrogen minimum price between the solar
processes and the autothermal process goes up from 18% (allothermal) and 6% (hybrid)
at 20,000 kg Hz/day to 32% (allothermal) and 10% (hybrid) at 150,000 kg Hz/day. This sug-
gests that, upon scale-up, the competitive gap between the conventional and the solar
processes increases. However, this may be due solely to the linearity assumption that was
adopted in (Equations (3)—(6)) between the solar costs and the production capacity. As a
matter of fact, solar costs prediction is not straightforward and relies on uncertain data.
Generally speaking, heliostats field scale-up depends on many factors, such as the design
of individual mirrors, their number, their arrangement, their sub-composition and their
reflective properties. Larger solar fields impair the quality of concentration and suffer
from amplified atmospheric attenuation (due to a greater heliostat-to-receiver slant path)
[36]. At the same time, larger solar fields involve higher solar power inputs that allow the
use of larger cavity receivers (i.e., gasification reactors), which reduce the energy losses
(due to a better absorption of radiation), and thus positively impact the solar costs. A
power law with a global scaling exponent factor of 0.7 accounting for these trends was
previously used by Kromer et al. [37] for assessing hydrogen cost of several solar thermo-
chemical processes. The impact of this value on the solar costs and on hydrogen minimum
price is shown in Figure 7 (scaling exponent factor = 1 in the base case and 0.7 for the
dashed lines). The results show that the trends strongly vary with the scaling exponent.
The solar costs decline by approximately 72% for the allothermal process and by 60% for
the hybrid process at 150,000 kg Hz/day. In the same way, the hydrogen price for the allo-
thermal process sharply drops to 2.09 €/kgr2 at 150,000 kg/day, against 2.22 €/kgh2 for the
hybrid process and 2.25 €/kge for the autothermal process. This highlights the necessity
of a proper field layout optimization during the scale-up to maximize the energy/materi-
als savings and further reduce the hydrogen cost.

The feedstock cost is another crucial parameter to be studied (Figure 4). Its impact on
hydrogen cost is presented in the following section.
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3.2.3. Impact of Feedstock Cost

The cost of the feedstock is a key dynamic parameter that evolves with different fac-
tors such as local supply chains, resource availability, sustainability criteria, political
choices or competing uses of biomass. In this part of the study, the biomass price was
varied in the 0-1 €/kg interval to cover a large range of woody and non-woody biomasses
(such as food waste, agricultural and crop waste, and Solid Recovered Fuels) and also a
potential increase in the resource price (due, for instance, to the increasing pressure on the
resource in the incoming years or to extra-cost associated with additional required feed-
stock pre-treatment). Figure 8 shows the hydrogen cost as a function of the biomass price
for the three studied processes (at reference conditions represented by solid lines). Two
additional scenarios are considered: the first one assumes a 50% cost reduction of the he-
liostat field and towers (at reference land cost) and the second one assumes (in addition)
a land cost of 0.5 €/m2. Two zones on these graphs can be observed for each of the consid-
ered solar scenarios: one zone when the biomass price is below a critical value and one
zone when the resource price is above. In the first zone, the autothermal mode prevails
and imposes lower production costs. In the second zone, a significant reversal trend oc-
curs in favor of the solar processes. Table 6 shows the critical biomass prices at the inter-
section between the autothermal and solar processes curves. It can be seen that the trend
turnaround occurs faster in the allothermal process than in the hybrid one at reference
assumptions. In fact, it takes place at a biomass critical price of 0.29 €/kg (for the allother-
mal mode, which represents three times the reference biomass price), against 0.37 €/kg for
the hybrid configuration. By reducing the solar equipment cost by 50%, the turnaround
biomass price decreases by about 31% for the allothermal mode and by 38% for the hybrid
mode (at reference land cost). It decreases even more, by a total of 69% (allothermal) and
84% (hybrid), when the land cost is set to 0.5 €/m?. In the latter scenario, the turnaround
occurs earlier in the hybrid process.

()

Autothermal

—— Solar-only

= ==50% cost reduction of heliostat
field+towers, land cost: 12 €/m2

: — - =50% cost reduction of heliostat
% field+towers, land cost: 0.5 €/m2

0 0.2 0.4 0.6 0.8 1

(b) Biomass cost (€/kg)

Autothermal

— Hybrid

== 50% cost reduction of heliostat
field+towers, land cost: 12 €/m2

- - 50% cost reduction of heliostat
field+towers, land cost: 0.5 €/m2

0 0.2 0.4 0.6 0.8 1

Biomass cost (€/kg)

Impact of biomass cost on hydrogen minimum price; (a)-solar-only, (b)-hybrid.
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Table 6. Turnaround biomass price (€/kg): autothermal/solar, DC = 150,000 kg Hz/day.

Autothermal/Allothermal Autothermal/Hybrid
Reference assumptions 0.29 0.35
+50% reduction on (heliostats + tow-
0.20 0.23
ers), land cost = 12.9 €/m?
o, 1 1 -
+50% reduction on (heliostats + tow 0.09 0.06

ers), land cost = 0.50€/m?

In summary, the analysis shows that a slight increase in the price of the feedstock
undermines the autothermal process. The better use of biomass provided by the solar pro-
cesses clearly limits the increase in hydrogen cost, especially when combined with lower
solar plant and land costs. Zero or even negative-priced feedstocks remain more profitable
using the conventional autothermal process. However, in the case of waste gasification,
CO: emissions and environmental impact should be considered if carbon is not renewable
(e.g., plastic waste). Direct CO2 emissions released by the solar processes are negligible or
significantly lower than those from the current autothermal processes. Solar gasification
processes thus have favorable long-term prospects because they avoid or reduce costs for
CO2 mitigation and pollution abatement. Moreover, due to the more heterogeneous na-
ture of waste, its conversion implies additional costs, to deal with syngas impurities, es-
pecially the HaS content that is a major corrosive constituent. More costly reactor materials
and gas cleaning units are thus required for waste feedstock.

3.2.4. Impact of Environmental Subsidies

As shown in Table 3, solar gasification avoids, respectively, 3.08 and 6.73 kg of CO:
(due to reaction) per kilogram of H: in hybrid and allothermal processes, which is signif-
icant. Although a detailed analysis has not yet been published comparing the three pro-
cesses based on environmental criteria, important and achievable CO:2 emission mitigation
is greatly expected thanks to solar heating. In fact, a conventional CSP tower plant gener-
ates barely 38 g of CO2/kWhe[38] which is far (more than 10 times) lower than the 750—
900 g of CO2/kWhe. generated by conventional Integrated Gasification Combined Cycles
(IGCC) power plants when no CO: capture is considered. The capture/sequestration of 80%
of CO2 during operation decreases the net emissions to about 200 g of CO2/kWhe, resulting
in a total saving of more than 550 g of CO2/kWh:e [39]. In this sense, solar-driven processes
can drastically reduce the Greenhouse gas (GHG) emissions, which allows them to take
advantage of carbon pricing and environmental subsidies to improve their economic bal-
ance and their competitiveness. Indeed, the application of credits for CO2 mitigation and
pollution avoidance will further enable the solar thermochemical technologies to compete
favorably with conventional processes. Carbon price varies from country to country [40],
and, in France, it is estimated to be 100 €/t COzin 2030 according to Quinet report [41]. In
Europe, carbon prices are expected to double by 2021, and even quadruple to reach up to
55 €/t CO, as stipulated in the Paris climate agreement [42]. In this section, the impact of
possible capital subsidies due to CO:2 emission reduction is studied. The total subventions
were calculated on the basis of the amount of CO2 that would have been emitted by the
conventional process. For allothermal gasification, the subvention was estimated at 14.74
ME (6.73 x 150,000 x 80% x 365 = 50/1000) and at about 6.74 M€ for the hybrid process (3.08
x 150,000 = 80% x 365 x 50/1000) for DC=150 000 kg H>/day, a capacity factor of 80% and a
capital subsidy of 50 €/tCO:. Figure 9 shows the impact of CO: subsidies on hydrogen cost.
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Figure 9. Impact of CO2 subsidies on hydrogen cost

At reference conditions, the intersection between the curves (autothermal and solar
processes) takes place at CO2 subventions of 82 €/tCO: (allothermal) and 55 €/tCO: (hy-
brid). Considering a cost reduction for heliostats and towers of 50% and a fixed environ-
mental subsidy of 30 €/tCO, the biomass turnaround price goes down to 0.14 €/kg and
0.09 €/kg (lower than reference cost ~0.1 €/kg) for the allothermal and hybrid processes,
respectively. This confirms that subsidies can play a key role in the reduction in solar hy-
drogen costs.

3.3. Comparison with Other Hydrogen Production Methods

This part of the study gives insights into hydrogen production costs with different
technologies, such as biomass gasification, coal gasification, natural gas reforming and
water electrolysis (based on a solid oxide technology). Previously developed NREL cost
models were used for this purpose [43]. The financial inputs of all the technologies are the
same as those presented in Table 4, and the operating capacity factor is fixed to 80%. To
focus on the comparison with low-carbon technologies, the considered coal gasification
and natural gas-reforming models integrate carbon capture and sequestration units that
remove CO: from syngas before storing it in underground reservoirs. The reference pri-
mary resources costs used in this section are: biomass cost = 0.1 €/kg, coal cost = 0.04 €/kg,
NG cost = 0.01 €/kWh, electricity cost for electrolysis = 0.10 €/kWh. Figure 10 shows the
hydrogen minimum price of the different technologies. The grey bars show the sensitivity
to the primary resource price (electricity price for electrolysis; process water was fixed to
0.61 €/m3) when it increases from zero to twice the reference cost.

€/kg H,
[N S IRV S ) B L - RN )

Biomass Solar-onl\ Salar ll\bl'ld Coal Electrolysis
gasification gasification gasification gasification refﬂrmlng

Figure 10. Hydrogen production cost and sensitivity on the primary resource cost (electricity for electrolysis) when rang-
ing from zero to twice the reference cost (Table 4).
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It can be seen that natural gas reforming is the most profitable process so far, with a
hydrogen production cost of only 1.28 €/kg. This process is followed by coal (1.69 €/kg)
and biomass gasification. The difference between these three processes is mainly due to
two factors: the cost of the primary resource and the capacity of the plant. Clearly, due to
the low fossil fuel cost, fossil-based processes are the most competitive on the market.
Moreover, very large plants can be envisaged, which lowers the price of hydrogen even
further thanks to the economy of scale. The cost of hydrogen produced by electrolysis is
much higher than that of the other processes (5.48 €/kg), and shows a greater sensitivity
to primary resource cost. It can be seen that, for a zero-resource cost, the price of hydrogen
produced by electrolysis decreases drastically to 1.68 €/kg, making this technology poten-
tially more competitive when recovering and valorizing unusable electricity (due, for ex-
ample, to lack of demand and storage). Although coal gasification plant capacity is seven
times larger than that of biomass gasification (and, therefore, benefits from the economy
of scale), it appears that, for low feedstock costs, hydrogen price is almost the same in both
configurations. This is due to the extra costs entailed by CO: capture and sequestration
operations (which are not considered in biomass gasification). Finally, NG reforming with
CO:2 capture and sequestration is the cheapest process with a hydrogen cost below than
that of coal and biomass gasification (solar and non-solar), making this technology the
most economically attractive option at present for decarbonized hydrogen generation.

It is essential to recall that other solar thermochemical processes are prospected for
the generation of solar fuels. In view of the increasingly stringent environmental regula-
tions, and noting the urgency of climate change, the sustainable paths have undergone
extensive research and development to increase efficiency and cost-effectiveness. The
number of publications in this field considerably increased, by more than five times since
2000 [44]. This brought significant insights regarding the technical feasibility and the pos-
sibilities of scale up. A number of economic studies were carried out to estimate the cost
of hydrogen using different solar thermochemical technologies. Although initial assump-
tions differ from one study to another regarding plant site, solar material cost, operating
hours, installation costs and optical/thermal efficiencies, the calculated values estimate the
prices and their sensitivity to the input parameters. Moller et al. [45] analyzed the solar
steam reforming of natural gas for the production of 103.8 Million Nm?/year (i.e., ~25,594
kg/day) of hydrogen. The study showed that the solar process allows 40% of the fuel to be
saved compared to the conventional process, with a hydrogen cost of less than 0.05 €/kWh
LHYV of Hz (~1.67 €/kg of H>). Similarly, Rodat et al. [46] studied solar thermal decompo-
sition of natural gas at a plant design capacity of 436 kg of H>/day. Hydrogen cost was
about 1.42 $/kg and showed great sensitivity to carbon blacks’ (which are the process by-
products) selling price. The study determined carbon blacks” minimum cost, making solar
thermal decomposition of natural gas competitive with solar and conventional reforming
processes. Baykara and Bilgen [47] compared commercial, hybrid and solar coal gasifica-
tion processes for the production of hydrogen. The plants were designed to produce 107
GJ of Hz per year (~ 228,310 kg/day). The study showed that the commercial process (based
on partial feedstock combustion) is the most cost-effective, with a hydrogen price of 0.94
$/kg, which is 5.2% and 6.3% lower than the hybrid and solar (only) process and is, in
some respects, consistent with the present study outcomes. This means that solarization
is still economically challenging and requires incentive environmental policies. Other re-
searchers took a keen interest in the thermochemical splitting of water using high-temper-
ature solar heat. Given that single-step direct thermolysis, at temperatures beyond 2500 °C,
was hardly feasible, thermochemical cycles technologies were rather considered. This pro-
cess involves several reactional intermediates, which are regenerated during the cycles to
lower the water dissociation temperature. Over 280 cycles were developed and screened
to select the most suitable ones for coupling with concentrated solar thermal energy [48].
Among the most promising cycles studied from an economic perspective, zing, ferrite, and
sulphur cycles were proposed. Charvin et al. [49,50] studied two-step (ZnO/Zn and
Fes04/FeO) and three-step (Fe20s/FesOs) thermochemical cycles driven by concentrated
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solar energy. The economic study was performed with a design capacity ranging from 50
to 250 kg/h of He. The analysis gave a hydrogen production cost between 7.98 and 14.75
$/kg of H2 depending on process intensification and on the targeted hydrogen productiv-
ity. In a similar study, Steinfeld [51] analyzed hydrogen production cost via two-step wa-
ter-splitting ZnO/Zn redox system, and the hydrogen price was around 4-5 €/kg at a de-
sign capacity of 61 Million-kWh/year (~5014 kg/day), which is somewhat larger than
Charvin et al. [49] design capacity and therefore lowers hydrogen prices. Solar hydrogen
production costs from the hybrid-sulfur cycle and a metal oxide-based cycle were studied
and compared to that of commercial electrolysis (powered by a CSP plant with a thermal
storage capacity of 4.5 h) by Graf et al. [52]. The metal-oxide-based cycle hydrogen cost
ranged between 3.5 and 12.8 €/kg, and thus covered the ranges calculated Charvin et al.
[49] and Steinfeld [51]. It showed the greatest cost variability due to the high demand of
the metal oxide and its cost dependence. Hydrogen costs for hybrid sulfur cycle were the
lowest and ranged between 3.9 and 5.6 €/kg. Water electrolysis was highly influenced by
the cost of electricity, with a hydrogen price between 2.1 and 6.8 €/kg.

Overall, it appears from these results that, to date, solar thermochemical processes
are far from being competitive with conventional processes based on fossil fuels (coal and
natural gas). Major challenges remain to improve the efficiency of the processes. They
concern the cost of the solar concentrators, which represents a significant part of the in-
vestment, and the cost of the receiver, which, in many cases, must withstand high tem-
peratures in the presence of highly corrosive chemical species. Another challenge con-
cerns the solar reactor design, which should minimize the heat losses and maximize the
chemical conversion for a better use of the solar resource. The recycling of chemicals in
thermochemical cycles that impose a high degree of purity and a precise control of phases
and constituent separation is another issue that needs to be properly managed and solved.
Carbon-based solar thermochemical technologies generally show lower hydrogen pro-
duction costs. These processes, which, by definition, are less harmful to the environment,
offer the possibility to extend the lifespan of fossil resources on earth and can play a role
in the transition towards a zero-carbon economy.

4. Conclusions

A techno-economic study of solar and solar hybrid gasification was carried out. The
study was based on the discounted cash-flow rate of return method to calculate the mini-
mum hydrogen production cost. At first, the most important solar parameters were iden-
tified, and they were then integrated to a previously developed autothermal gasification
cost model. The new solarized cost model was thereafter used to examine the profitability
and the cost-effectiveness of each of the studied heating configurations (i.e., allothermal,
hybrid and autothermal). A sensitivity analysis of the main cost-influencing factors was
carried out. The analysis showed that at the current biomass reference cost (considered
equal to 0.1 €/kg), the most competitive scenario (in which solar hydrogen cost is lower
than conventional hydrogen), assumes a cost reduction of 50% of the heliostats and towers
costs, with a land cost of 0.5 €/m?, which is clearly challenging at present and requires an
important economic effort. However, the analysis also showed that an increase in the bi-
omass cost by a factor of 2 to 3 significantly undermines the profitability of the autother-
mal process, in favor of solar gasification, which becomes more competitive without any
substantial economic and financial efforts. A comparative analysis with other solar and
non-solar clean technologies was carried out. This confirmed that the two most economi-
cally favorable processes for hydrogen generation are those based on fossil fuels with CO2
capture and sequestration. These processes will, therefore, make the greatest contribution
to the hydrogen market in the near future. Nonetheless, fossil fuels are neither universally
available nor inexhaustible, and depend on a large number of strategic and geopolitical
parameters that remain uncertain, sensitive and hardly predictable. Moreover, carbon se-
questration is not without risk for the environment and human health. Leakage during
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transport and storage is possible, and the long-term process performance is uncertain, es-
pecially in cases of large-scale development. These represent major constraints to circum-
vent in order to ensure security and sustainability. Renewable technologies are hardly
competitive with fossil-based technologies at present, and require more effort to gain in
efficiency, durability and cost-effectiveness. Government policy incentives have also a
major role to play through the use of mechanisms like carbon credits, renewable energy
credits, capital subsidies, and reverse auctions. This way, the financial viability of the sus-
tainable path can be improved.
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