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g r a p h i c a l a b s t r a c t
� The first industrial size biogas-fed

SOFC plant in Europe is presented

in the work.

� The first installed SOFC module

has reached more than 5600 h of

operation.

� Measured SOFC efficiency from

biogas to AC power is higher than

50e52% during operation.

� NOx, SO2, HCl, HF, and organic

compounds are all below detection

limits in exhaust gas.
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a b s t r a c t

The EU-funded DEMOSOFC project aims to demonstrate the technical and economic

feasibility of operating a 174 kWe Solid Oxide Fuel Cell (SOFC) in a wastewater treatment

plant. The fuel for the three SOFC modules (3 � 58 kWe) is biogas, which is available on-site

from the anaerobic digestion of sludge collected from treated wastewater. The integrated

biogas-SOFC plant includes three main units: 1) the biogas cleaning and compression

section, 2) the three SOFC power modules, and 3) the heat recovery loop. Main advantages

of the proposed layout are the net electric efficiency of the SOFC, which is in the range 50

e55%, and the near-zero emissions. A specific focus of the demonstration project is the

deep and reliable removal of harmful biogas contaminants. The presented work is related

to the design of the SOFC system integrated into the wastewater treatment plant, followed

by the analysis of the first results from the plant operation. We analyzed the biogas yearly

profile to determine the optimal SOFC capacity to install that is 3 SOFC modules. The

rational is to maintain high the capacity factor while minimizing the number of shutdown

per year (due to biogas unavailability). First results from plant operation are also presented.

The first SOFC module was activated in October 2017 and the second in October 2018. The
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Nomenclature

CHP Combined Heat and Power

ELPI Electronic Low-Pressure Impa

EPT Energy Planner Tool

FTIR Fourier Transform Infrared Sp

ICE Internal Combustion Engine

MCFC Molten Carbonate Fuel Cell

NDIR Non Dispersive Infrared senso

NG Natural Gas

P&ID Piping & Instrumentation Diag

PID Proportional Integral Derivativ

PE Person Equivalent

PM Particulate Matter

SOFC Solid Oxide Fuel Cell

VOC Volatile Organic Compound

WWTP Waste Water Treatment Plant
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measured SOFC efficiency from compressed biogas to AC power has always been higher

than 50e52%, with peaks of 56%. Dedicated emissions measurements have been performed

onsite during December 2017. Results on real biogas operation show NOx < 20 mg/m3,

SO2 < 8 mg/m3 (detection limits for the instrument) and PM lower than ambient air values.

© 2019 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The work presents the sizing methodology and the descrip-

tion of the DEMOSOFC plant, the first European industrial-size

SOFC plant, fed by sewage biogas. The synergy betweenWaste

Water Treatment Sector (WWTP) and Solid Oxide Fuel Cells

(SOFC) is due to the small size ofmanyWWTPs around Europe

coupled with the unavailability of high-efficiency CHP sys-

tems for small power production plants.

The mean entering load among all the WWTPs in Europe

is 26,889 PE [1,2]: this value, also confirmed by single coun-

tries, shows how the plants' size distribution is composed of

amassive number of small-medium size sites. If aminimum

plant size for biogas production is considered (internal en-

ergy generation is crucial for the goal of self-sufficiency),

only 5,141 plants (19.1%) are large enough to include

anaerobic digestion (with aminimum limit of 200000 P.E.) [3].

The EU WWTP average size correspond, considering a

biogas production rate of 15 l biogas/P.E./day, corresponds

to a CHP size of 75 kWe (with an electrical efficiency of

53% [4]).

Internal combustion engines (ICEs) shows efficiencies - in

the range 10e100 kWe e between 28% and 37%, and between

37 and 43% in the 100e1000 kWe range [5]. Because of the

non-modularity of ICEs, not only efficiencies are lower at

small size but also costs are increased, and in the 10e100 kWe

range, specific investment costs are varying between 30000
esults from an industrial
10.1016/j.ijhydene.2019.0
V/kW and 10000 V/kW. Because of these reduced perfor-

mance and higher costs at low sizes for ICEs, small and

medium size biogas plants are facing the need for high-

efficiency CHP systems like high temperature fuel cells.

Furthermore, because of environmental limitations on NOx,

SOx and Particulate Matter (PM), ICEs are usually installed

with a downstream post combustor able to reduce pollutants

emissions to the environment and respect the normative

values; this extra BoP generates a further cost increase. Fuel

cell systems, on the other side, can generate electrical and

thermal power with near-zero emissions to the atmosphere

[6,7].

In the view of future energy self-sufficientWWTPs, the use

of high-efficiency onsite energy generators is also a key factor.

The operation of WWTP sites requires a large amount of

electricity, and the goal of energy self-sufficiency could be

reached only by combining optimization/improvement pro-

cesses in different plant sections. The key segments in which

plant owners’ efforts should be directed are the secondary

biological treatment, where aeration is performed, and the

water pumps. Energy consumption reduction should also be

coupled with an increase of internal energy production, usu-

ally related to biogas from sewage sludge. Sludge pre-

treatments and anaerobic digestion management are key

drivers to increase biogas yield and reduce the energy con-

sumption of the sludge line. Furthermore, the use of co-

digestion with other organic wastes is another potential way

to increase onsite energy generation. Biogas can be then effi-

ciently converted into electricity (and heat) via high temper-

ature fuel cell generators [1].

The DEMOSOFC plant [8] is the first European industrial-

size Solid Oxide Fuel Cell (SOFC) system. The plant aims at

demonstrating the technical and economic feasibility of

industrial-size SOFC systems, with focus on bio-based fuels

feedings (e.g., biogas). Industrial-size fuel cell systems, usually

Molten Carbonate Fuel Cells (MCFCs) are already available

outside Europe, especially in USA [9,10], Japan and South

Korea [7], but not yet in EU. Key advantages of fuel cell based

industrial systems in biogas plants have been deeply

demonstration in the authors’ previous works [1,6,11e13] and

include:

- High efficiency increase respect to traditional biogas-fed

Internal Combustion Engines (ICEs), especially for low-

medium size systems.

- Zero emissions to the atmosphere in terms of NOx, SOx,

VOC, and PM, which are traditionally a criticality in inter-

nal combustion engines.
size biogas-fed SOFC plant (the DEMOSOFC project), International
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The scientific and research activity in the framework of the

DEMOSOFC project has been related e in this first years - to

the biogas purification system (required to be more efficiency

and robust than the one for traditional ICEs [14]) and the

overall system management (in terms of control algorithms

and interface with the real WWTP).

In the work from Saadabadi et al. [15] - published in 2015 -

a complete review on the SoA of biogas-fed fuel cell system is

provided. The authors discussed the technical challenges and

opportunities of the biogas and fuel cell coupling, from the

cleaning section (to remove harmful contaminants) to the

methane reforming section. Furthermore, existing DEMO

projects in the field are listed, among which the Biocell

project [16] in Barcelona, where both a PEMFC and an SOFC

system were tested under biogas feeding, and the SOFCOM

project [17] e coordinated by the authors of this work e

where a 2 kWe SOFC system run for more than 600 h with

sewage biogas.

The main novelty of the proposed work is related to the

DEMOSOFC plant itself that, being the first-of-its-kind system

in EU, has generated a strong interest for what concerns both

its design and its operation. The biogas treatment unit is also

an innovative system able to reach near-zero contaminants

level in the outlet biogas sent to the fuel cells. SOFC producer

limits on inlet contaminants (10 ppb siloxanes and 30 ppb

sulfur) required a new design of the traditional cleaning sys-

tems used for ICE-based plants. The SOFC modules e being a

pre-commercial producte are considered as a black box in the

project. The objective is the analysis of their performance in

the long term (whichwill be available at the end of the project)

and their integration within the WWTP taking into account

fuel availability and loads (as will be shown in the sizing

methodology section). Finally, the electrical system layout is

developed with a non-conventional design, since the SOFC

modules can work in island mode and guarantee power pro-

duction even during grid failures, thus acting as an innovative

back-up power unit.

The DEMOSOFC site WWTP is located in Collegno, in the

Torino premises (IT). The Collegno plant has a nominal ca-

pacity of 2500000 Person Equivalent (P.E.), and it is currently

serving around 1800000 P.E., both residential and industrial.

The plant used to exploit biogas for heating-only purpose in a

boiler, for pre-heating the sludge entering the anaerobic

digester, and excess biogas e not sent to boilers e was simply

flared. The new integrated biogas-SOFC plant, installed in the

framework of the DEMOSOFC project, is using the as-

produced biogas for electrical and thermal energy produc-

tion in an SOFC-based cogeneration system.

The present work includes a first section where the plant

sizing methodology is described. A rigorous Energy Planner

Tool has been developed at the beginning of the project

(2015e2016) to define the optimal number of SOFCmodules for

the selected plant. The tool has also been used as a real PID for

the control system within the plant since it can optimize the

plant operation and reducing the number of plant shutdown.

The second part is related to the technical description of the

plant, focusing on the cleaning system design, the SOFC

modules boundaries, the heat recovery unit and the electrical

and control connections. Finally, the first results related to the

early hours of operation are shown.
Please cite this article as: Gandiglio M et al., Results from an industrial
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Sizing methodology of the DEMOSOFC plant

The choice of 3 SOFC modules (3 � 58 kWe, 174 kWe nominal

power) was derived from a rigorous sizing process reached

through the development of an Energy Planner Tool (EPT) for

the DEMOSOFC plant [18]. The tool can simulate e based on

real historical data e the operation of the plant in an optimal

way (through an in-house formulated PID controller) and was

used to find the optimal number of SOFC modules to be

installed within the WWTP.

Fig. 1 shows the hourly biogas production in the SMAT

Collegno WWTP for years 2014 and 2015 and the nominal

biogas flow rate feeding the 3 SOFCs according to the producer

nominal datasheet [4]: these are the hourly input data of the

EPT and have been used for the sizing procedure.

In Fig. 1 the high fluctuation of biogas production during

the year is observed. During Summer months, the biogas

coming from the digester is always lower than the SOFC

nominal consumption. Reduced biogas production during

summer months is due to the decreasing inlet wastewater

treated by the plant because of the holiday season. When

sizing and planning the operation of the SOFC system, fluc-

tuations on the biogas availability along the day and the year

need to be considered. This determines the need for a dedi-

cated protocol of control, able to first preserve the SOFC

modules, and then optimise the energy recovery from the

plant. The goal was reached through the development of the

energy planner tool.

Energy planner tool

The sludge anaerobic digestion process produces biogas that

is stored in the gas holder. The digester operates continuously

during the year. However, seasonal variations of the amount

of sludge treated and daily variations of the temperature in-

side the digester tank make the hourly biogas production rate

quite fluctuating (see Fig. 1).

The control system regulates the net electrical power

produced by the SOFC by measuring the level of biogas stored

in the gas holder. The error between this value and a fixed set

point value defined by the user is provided as input data for a

PID (Proportional-Integrated-Derivative) controller that gen-

erates the control signal to the SOFC. Using the power-

efficiency curve of the SOFC e provided by the manufacturer

e the hourly biogas flow rate consumed by the fuel cell, and

the thermal power generated, are then calculated. The biogas

that exceeds the gas holder maximum capacity is used

partially to feed an existing biogas boiler (to cover the digester

thermal demand partially) and partially sent to the flare, when

in excess. A graphical description of the control system is

shown in Fig. 2.

The quantity of thermal and electrical power produced by

the SOFC and the amount of biogas sent to the boiler are used

to calculate the natural gas required to fully cover the digester

thermal load (when thermal production from biogas is not

enough) and the electricity bought from the grid to fully cover

the electrical consumption of the plant. Electrical and thermal

demand of the plant are respectively retrieved from SMAT

energy management section and calculated starting from the
size biogas-fed SOFC plant (the DEMOSOFC project), International
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Fig. 1 e Biogas flow rate in 2014, 2015 and SOFC nominal biogas consumption in the DEMOSOFC project.

Fig. 2 e Regulation strategy of the biogas-fed SOFC system.
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inlet sludge flow and the digester temperature (as explained in

authors’ previous works [19e21]).

PID controller
The control algorithm of the DEMOSOFC plant is based on a

PID regulator that can automatically control the SOFC elec-

trical power output based on the amount of biogas available in

the gas holder, trying to avoid the risk of a fuel shortage while,

at the same time, maximizing SOFC electrical and thermal

production.

The PID regulator is driven mainly by the output signal

generated by the radar sensor located in the gas holder and

compares the read value with a fixed setpoint defined by the

user. The difference produced by the comparison is used as a

control parameter to regulate the electrical power generated

by the SOFC (user set point, 0e100%).

A set of modulation ranges of the SOFC are defined to

calculate the hourly biogas flow rate feeding the SOFC, ac-

cording to the amount of biogas available in the gas holder

(Fig. 3):

� The PID controller regulates the SOFC between full load

(100%) and half load (50%) if the volume of biogas stored in

the gas holder is between the maximum and an
Please cite this article as: GandiglioM et al., Results from an industrial
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.0
intermediate level (blue bar in Fig. 3). When the amount of

biogas stored exceeds the upper limit of the gas holder, this

can be sent or to the boiler or the flare depending on the

thermal demand required by the digester.

� If instead, the volume of biogas stored moves down the

lower limit (minimum level), the extraction is interrupted,

and consequently, the shutdown procedure of the SOFC

modules starts (orange bar in Fig. 3).

� When the volume of biogas stored in the gas holder is be-

tween the intermediate and the minimum level, the PID

controller is off, and the fuel cell is forced to operate at 30%

of its nominal power (green bar in Fig. 3). In this condition

the biogas consumed by the SOFC is lower, according to the

electrical efficiency curve, allowing the re-filling of the gas

holder. However, the SOFC cannot stay in this condition for

an extended period. Hence, after an imposed hour period

(set as 48 h but can be varied), the SOFCwill be shut down if

the volume of the gas holder is still between the minimum

level and the intermediate level.

The intermediate level used in the algorithm is optimized

(by a simulation procedure) with the target of saving biogas

and especially of minimizing the shutdowns (thermal cycles)

of the SOFC modules, as during start-ups and shutdowns the
size biogas-fed SOFC plant (the DEMOSOFC project), International
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Fig. 3 e SOFC modulation range according to biogas

availability in the gas holder tank.
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fuel cell units are subjected to thermal stresses that may lead

to fatigue and permanent damage [22].

The output values of the EPT are:

� Electricity and thermal power recovered during a reference

year of operation;

� Natural gas and electricity that has to be bought from the

grid to cover the thermal and electrical load of the plant;

� Number of forced shut-downs of the modules due to a low

volume of biogas in the gas holder (below minimum level):

� Equivalent capacity factor at full load, equal to the number

of hours in which all modules run at 100% load respect to

the overall number of hours in a year.

Input data for themodel are summarizede for the baseline

case analysis e in Table 1. A view of the EPT is also shown

in Fig. 4.
Table 1 e Input data for the Energy Planner Tool.

Gas holder PID parameters Value Unit

Gas holder maximum level 1400 m3

Intermediate level 400 m3

Gas holder minimum level 300 m3

Minimum Gas Holder Level for restart 600 m3

Average Biogas chemical composition

Methane e CH4 64 %

Carbon dioxide e CO2 36 %

SOFC Parameters

Net power output AC 58.3 kWe

Ramp limits 13.3 kWe/h/module

Max Period at 30% of nominal power 48 h

Start-up period 24 h

Shut-down period 24 h

Shut-down/Start-up procedure

Electrical power absorbed 7.6 kW

Biogas consumed 2.82 Nm3/h

Energy efficiency (LHV)

Electrical (net AC) >53 %

Total (Exhaust 60 �C) >80 %

Please cite this article as: Gandiglio M et al., Results from an industrial
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The EPT also estimates the costs of extra energy (electricity

and natural gas) which need to be bought from the grid to

cover electrical and thermal loads fully. The economic eval-

uation of the plant is not included in the presentedwork since

it was not used for the DEMOSOFC system sizing.

EPT results

The simulation of the control system has been developed for

different scenarios to evaluate the best plant layout and size it

to bothmaximize the capacity factor and the biogas use in the

fuel cell. The analysis has been performed with a variable

number of SOFC modules (1, 2, 3, 4), considering the biogas

flow rate data from 2014 to 2015. Results are shown in Table 2

and Fig. 5.

In the solution with one and two the number of shut-

downs events is zero, which means that the volume of the

gas holder always stays over the minimum value of 300 m3,

but biogas consumption in the fuel cell is only 27 and 54%

respectively, because of the reduced system size. The optimal

system size is, as can be seen from Fig. 5, between 3 and 4

SOFC modules; with three modules capacity factor is higher

and the number of shutdown lower, while with four modules

there is a higher use of biogas in the fuel cell system. The

choice of installing three modules was also an optimal deci-

sion because the number of shutdown events is limited to 1 in

2 years (once in 2014 and zero in 2015 because biogas pro-

duction was higher). The simulations show that there would

be room for an additional module, which would result in

almost full biogas utilization and electrical valorization in

SOFC modules. However, the equivalent capacity factor re-

duces 8% percentage points andmore frequents shut-down of

the SOFC are necessary (3 per year).

With the chosen 3 SOFC module size, the profile of gas

holder volume and fuel cell electrical output (zoom on a high

variability period) are shown in Fig. 6 and Fig. 7.
DEMOSOFC plant layout

The DEMOSOFC plant e sized according to Chapter 3 meth-

odology - includes three main sections: 1) the biogas cleaning

and compression section, 2) the SOFC power modules, and 3)

the heat recovery loop. Fig. 8 shows a schematic layout of the

WWTP process and its integration with the DEMOSOFC plant.

Biogas cleaning section

The biogas cleaning system includes two sub-sections (Fig. 9).

The first part is located close to the digester where biogas is

produced (anaerobic digester) and stored (gas holder, around

one day of storage capacity).

Biogas is found in the gas holder at a pressure slightly over

the ambient one (15e20 mbar overpressure). In the first sec-

tion, biogas is pressurized (fromnear-atmospheric pressure to

400 mbar(g)) to reach the DEMOSOFC area, located around

100e150 m from the biogas production area. After the blower,

a first chiller (working with an 8e10 �C dew point) is also

installed to remove water from the biogas line and avoid

condensation in the pipeline. The biogas is then sent to the
size biogas-fed SOFC plant (the DEMOSOFC project), International
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Fig. 4 e Energy Planner Tool (Matlab® based) layout.
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DEMOSOFC area through an insulated pipeline (aboveground).

In the DEMOSOFC area, all pipes are indeed underground.

The second section is located inside a container and in-

cludes adsorption vessels for biogas contaminants removal and

a compressor (since biogas is required at 4 bar(g) at the SOFC

inlet). Commercial impregnated activated carbons, selective for

sulfur and siloxanes compounds removal, are chosen as media

for the biogas cleaning. The selection of the sorbents has been

done after a 1-year experimental lab activity in Politecnico di

Torino, where different sorbents were tested in different

boundary conditions (level of contaminants, the presence of

oxygen, etc.), and four laboratory analysis on the Collegno

WWTP biogas. The sorbents able to both maximize the
Table 2 e Results of the energy planner tool for 1,2,3,4
SOFC installed modules.

2014 þ 2015

Number of SOFC Modules 1 2 3 4

Electrical energy [MWh/y] 1008 2001 2837 3377

Auxiliary consumption [MWh/y] 313 310 310 263

Thermal energy [MWh/y] 502 993 1380 1603

Number of shut-down 0 0 1 6

Biogas consumption [%] 27 54 77 92

Capacity Factor [%] 100 99 94 86

Please cite this article as: GandiglioM et al., Results from an industrial
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.0
performance (with the SMAT Collegno biogas composition) and

minimize the costs were chosen [23e25].

For the H2S and siloxanes removal, different commercial

activated carbons were tested from different producers. The

analysis whichmostly affected the choice of the final sorbents

are represented in Fig. 10. For H2S removal (left side of Fig. 10),

three activated carbons have been selected from this

screening tests on the influence of oxygen. As can be seen, the

two sorbents with low performance on biogas without oxygen

(CKC and CKI) showed a massive improvement in their

adsorption capacity even with a very low percentage of oxy-

gen (0.1% O2). On the other side, the high-performance ma-

terial (R8G) was not affected by the oxygen content. These

tests were performed with a matrix of CH4eCO2 (62.5e37.5%)

with 95 ppm H2S, a total flow rate of 200 ml/min (gas velocity

0.265 m/s) and a sample of 4 mm diameter (with sorbents in

powder form).

The selected sorbents (CKC and C64) properties are shown

in Table 3.

Different tests were performed on the influence of oxygen

and results pointed out that its presence always improves the

performances of activated carbons, but it seems that the en-

tity of this positive effect is subjected to the features of each

single material [26]. This consideration is well demonstrated

also in literature where other kinds of activated carbons have

been tested showing positive variations of adsorption
size biogas-fed SOFC plant (the DEMOSOFC project), International
8.022
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Fig. 5 e Biogas consumption rate, capacity factor and number of shutdown for the four analyzed configurations.

Fig. 6 e Gas holder volume during years 2014 and 2015.

Fig. 7 e SOFC modules power modulation during a period of highly fluctuating biogas production.
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capacities ranging from around 100%e700% [27e29]. The

choice of using CKC sorbent was due to the highest perfor-

mance in presence of oxygen. The availability of oxygen e in

small quantities e inside the biogas was confirmed by the

2015e2016 external laboratory analysis on the Collegno

WWTP biogas (Fig. 11) which always detected O2 in the range

0.01e0.33%.

For siloxanes removal (right side of Fig. 10) the sorbent

selected was C64, because of its highest performance during

the test session. Siloxanes testing were performed with

powder sorbents in small reactors at speed 0.27 m/s and

20 ppm D4 concentration in biogas.
Please cite this article as: Gandiglio M et al., Results from an industrial
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The final cleaning system P&ID is shown in Fig. 9. A lead-

and-lag layout is used for the first four vessels connection: the

four reactors can work in series during nominal operation

(with the first two lead reactors followed by the second two lag

reactors). When contaminants breakthrough is detected after

the lead reactors, the system is switchede thanks to a series of

valves e into the parallel mode to avoid the stop of the SOFC

units during the maintenance. While the lag reactors are kept

working, the lead ones are replaced. Lead and lag are then

switched to guarantee the cleanest reactor to be always the

last one in the sequence. A second scavenger section (made of

two reactors) is also available as guard bed.
size biogas-fed SOFC plant (the DEMOSOFC project), International
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Fig. 8 e DEMOSOFC plant layout.

Fig. 9 e Biogas cleaning and compression section layout.

Fig. 10 e On the left: influence of oxygen on H2S adsorption capacity of three commercial activated carbons. On the right:

screening test of four commercial activated carbons and one bio-based sorbent [26].
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Table 3 e DEMOSOFC sorbents properties (from the
provider datasheet).

Sorbent CKC C64

Pellet diameter 4 mm e

Iodine content (ASTM 4607) e 850 mg/g

Moisture content at filling

(ASTM D2867)

Max 15% w/w 2%

Ashes (ASTM D2866) 10% w/w 10%

Apparent density (ASTM D2854) 550 kg/m3 ± 30 550 kg/m3

Specific surface BET (BET method) 1000 m2/g 900 m2/g

Adsorption of CCl4 (ASTM D3467) 60% 60%

pH (ASTM 3838) e Alkaline

H2S loading rate (ASTM D6646) >20% e

Fig. 11 e Oxygen content in Collegno WWTP biogas.
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A continuous gas analyzer able to detect CH4, CO2, O2, H2S

and total Silicon (supplied by Qualvista Ltd [30]) is installed

andmeasure the biogas compositionwith an overall sampling

and measuring time of 40 min per sample. The system ana-

lyzes raw biogas once per day (#S3 in Fig. 9; to avoid sending

too many contaminants inside the analyzer) and clean gas

(alternatively between and after the four vessels, samples #S1

and #S2 in Fig. 9) the rest of the day. Samples are designed so

that #S1 will always be the ‘middle’ sample and #S2 the outlet

sample, even after the lead-and-lag switch during the main-

tenance break.

The second part of the container is the screw compressor,

which increase biogas pressure up to 4 bar(g), as requested at

the SOFC module inlet. The biogas cleaning and compression

section has been designed by Politecnico di Torino and Bio-

komp, and then manufactured and supplied by Biokomp [31].

The biogas cleaning system has been designed after one-

year monitoring of biogas composition in Collegno, where

H2S (average 20 ppm) and siloxanes (average 1 ppm) have been

detected as the most harmful components to be removed. An

in-line and real-time gas analysis (supplied by Qualvista LTD

[30]) is installed to monitor the removal efficiency of the

biogas clean-up unit. The online gas sensor can detect both
Table 4 e Qualvista analyser measuring principles detection li

H2S O2

Measurement principle Electrochemical Electroch

Measurement range 0e500 ppm 0-22 vol%

Detection limit
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macro-composition (CH4, CO2, O2) and contaminants (H2S and

total Silicon) continuously (Table 4).

SOFC modules

The core of the DEMOSOFC plant are the three SOFC units

supplied by Convion, partner of the DEMOSOFC project. The

modules can provide up to 55% electrical efficiency and 30%

thermal efficiency [4]. The three SOFC modules will produce

174 kWe, which will cover around 25e30% of the WWTP

electrical consumption [1].

Currently, 2 out of 3 SOFC modules are running at the

DEMOSOFC site. The first module was started in October 2017

and the second one in October 2018. The SOFC units, as shown

in Fig. 12, are fed by biogas during nominal operation and are

connected to the heat recovery system (water-glycol loop).

Compressed air is required during start-up, and an NeH

mixture (95% N2, 5% H2) is available for standby operation

(maximum 24 h maintenance on the biogas line e e.g.,

compressor maintenance e with the SOFC system hot, thus

avoiding shutdown).

Electrical and thermal efficiencies shown in the results

section have been evaluated as follows:

hel ¼
Wel;AC; SOFC

_mbiogas,%CH4,LHVCH4

(1)

hth ¼ _mH2Oþglycol,cp; H2Oþglycol,
�
Tw;out � Tw;in

�

_mbiogas,%CH4,LHVCH4

(2)

Where:

- Wel;AC; SOFC is the AC power production from the SOFC

module which already includes all the internal losses

within the module and the DC/AC conversion. Details on

the internal losses are out of the scope of the project, where

the SOFC module is considered as a black-box unit.

- _mbiogas is the biogas mass flow rate (on a mass basis)

measured both in the biogas line (at the inlet of the

DEMOSOFC area) and at the SOFC module entrance.

- %CH4 is the mass percentage of methane included in the

biogas, measured both by the Qualvista online gas

analyzer and also by a sensor (the same measuring also

the biogas flow rate) installed at the inlet of the biogas

line.

- LHVCH4 is the Lower Heating Value of CH4, assumed as

50 MJ/kg.

- _mH2Oþglycol is the mass flow rate of the intermediate loop

(see section Heat recovery section) of the heat recovery

system, which receives the heat from the SOFC exhaust

gases. The stream is composed of a mixture of water and

glycol (to avoid freezing problems). The value is measured

by a dedicate inline sensor.
mits [30].

CO2, CH4 Siloxanes

emical NDIR NDIR

0-100 vol% 0-100 mgSi/m3 (D5 eq.)

� ± 0,2 0.1 mgSi/m3 @500s @24 �C
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Fig. 12 e DEMOSOFC plant with 2 SOFC modules in operation (December 2018). On the left, the technical building where the

control room and the electrical cabinet room are located. In the central part, the first SOFC module. On the right, part of the

biogas cleaning and compression container.
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- cp; H2Oþglycol has been evaluated as a weighted average value

between the water specific heat and the glycol specific heat

(given by the glycol supplier in the datasheet).

- ðTw;out �Tw;inÞ is the difference between the outlet and inlet

water temperature. Nominal set point for these values are

45 �C inlet and 70 �C outlet.

Biogas compression and de-humidification system, com-

pressed air compressor, electrical cabinets conditioning, sec-

ondary heat recovery loop and similar extra-equipment

with respect to the SOFC module are not included in the

above-mentioned electrical efficiency. The reasons for not

including them are:

- The plant is designed for 3 modules. With the current 1-

module operation this Balance of Plant (BoP) section is

working in a non-optimal operating point thus affecting

the net efficiency calculation.
Fig. 13 e SOFC module and he
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- The information on the auxiliary consumption is

measured as a total value of the whole equipment, even if

some of them are working not only for the DEMOSOFC

area. This is the case of the compressed air compressor,

which is connected to the WWTP compressed air line but

is feeding the DEMOSOFC system only during start-up

operation. The compressor has been connected (in

terms of power supply) to the DEMOSOFC plant in order to

guarantee pressurized air (if needed) during island mode

operation (see section 4.4).
Heat recovery section

Heat recovered from the SOFC units is completely transferred

to the sludge entering the anaerobic digester through an in-

termediate water-glycol loop (30% glycol in water). Circulation

pumps (twin pumps to avoid stops during maintenance) and
at recovery section P&ID.
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three-way valves for regulation have been installed (Fig. 13),

and a new sludge-water heat exchanger is supporting the

existing one.

The regulation of the DEMOSOFC system is performed by

an automatic control system and is based on PID controllers.

SOFC module setpoint is varied in accordance with the gas

holder level, while water temperatures in the heat recovery

section are controlled by varying the pumps speed and the

mixing valves opening ratios.

Electrical system

Fig. 14 shows the electrical layout of the DEMOSOFC system.

The SOFC module is designed to be installed parallel to power

grid but is capable of islandmode, thus securing critical power

loads within a micro grid. The following phases [7] can be

observed, by looking at Fig. 14:

� During the start-up of the system, auxiliaries (green line)

are supplied by the dedicated line from the grid (green line),

and the SOFCmodules also take power from the grid for the

heating phase (blue line);

� During nominal operation the SOFCmodules are producing

power to the grid (blue line, reverse flow respect to start-

up) and auxiliaries can either be fed from the grid (green

line) or the SOFC modules (through the purple line);

� During island mode operation e i.e., the grid (grey line) is

off either due to a grid failure or a grid disconnection by the

grid protection device e both blue and green lines are no

longer active. The SOFC will thus reduce its power output

until the auxiliaries load requirement is reached, and will

guarantee, through the purple and yellow lines, power

supply to its auxiliaries. The SOFC could also secure
Fig. 14 e Electri
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additional loads that are critical for the overall site opera-

tion. Such critical loads could be connected to the three-

phase load line (red line), which is already available at

the plant site. In the presented configuration, the presence

of the UPS protects critical loads during the ‘switch’ time

(0.5e1 s) required by the SOFC inverter to go into island

mode. This switching time could be avoided by having the

SOFC þ battery þ critical loads working always and

continuously in a micro-grid mode
Results

The DEMOSOFC plant has started its operation, with the first

module start-up, at the end of October 2017. The second

module was started in October 2018. Planned maintenance

activities during the operation period were devoted to opti-

mizing the biogas feeding line and to install a mandatory

power meter on the power production line. More than 5500 h

of operation have been now collected and results are under

analysis.

SOFC start-up procedure from the cold state to full load

lasted around 48 h. First tests were devoted to verifying the

functionality of all internal equipment after the transport of

the first C50 module to Italy and to set the regulation param-

eters. The cleaning system was previously tested from the

early summer 2017 to verify the effectiveness of the contam-

inants removal and check measurements from the online gas

analyzer.

Biogas raw composition is measured once per day by the

online Qualvista analyzer (sample #3 in Fig. 9). Clean biogas

(both between and after the lead-and-lag reactors, respectively

sample#1 and sample #2 in Fig. 9) is indeed measured
cal layout.
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continuously for the other hours of the day. Each measure-

ment (performed in batch mode) takes 40 min, and N2 is

flushed after raw gas analysis.

Results on the raw biogas composition (in terms of con-

taminants) are shown in Fig. 15. As can be seen, H2S content

has been in linewith historical trendswith an average value of

33 ppm (min 1.8 ppm e max 71 ppm). Siloxanes are also

varying in a limited range with an average value in the

analyzed period of 4.1mg/m3 (min 0mg/m3 emax 9.4mg/m3).

The concentration of H2S has been found to be strongly linked

with the iron oxide dosing in the water line (iron oxide is used

to precipitate phosphor but also reduce the sulfur content in
Fig. 15 e Raw biogas micro-compo

Fig. 16 e Raw biogas mac

Fig. 17 e Efficiency plot for the 600-h o
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the water): the highest the dosing of iron oxide, the lower the

H2S in the outlet biogas. Siloxane variations are probably due

to seasonal trends, already detected in the design phase:

seasonal effect on silicon was in fact already registered in

previous experiences in WWTP biogas analysis [32e34].

Averagemethane content in the same period (Fig. 16) has been

62% (min 56% - max 68%). Methane content is stable on an

hourly basis while weekly-monthly variations have been

detected. Anyway, a minimum quantity around 55e56% was

always guaranteed: CH4 content value is transferred to the

SOFC control system which is regulating the flow rate ac-

cording to the methane.
sition (H2S and total silicon).

ro-composition (CH4).

peration period (from April 20th).
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Fig. 18 e Island mode testing.
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On the clean side of the analyzer (S1 and S2 sampling

ports), no breakthrough of contaminants has been detected so

far (after ~5600 h of operation). The H2S and Total Silicon

values have always been lower or comparable detection limit

(from Table 4). An external laboratory has also been involved

to verify the results from the online analyzer and results on

the clean side have always been below the instrumentation

(MS-GC) detection limit. Analysis on siloxanes were per-

formed by the external laboratory both with Chemical

Desorption (UNI CEN/TS 13649:2015 [35]) and Thermal

Desorption method (UNI EN ISO 16017-1:2002 [36]). Results

were comparable with both methods.

Considering an average biogas composition (~31.16 ppm

H2S and ~3.98mgSi/m3), an average biogas flow rate of 14m3/h

and a total number of operating hours (until June 2019) equal

to 7700 h, current (andminimum) loading rate for the sorbents

have been determined. The calculation has been performed

for the first 2 vessels, filled with ~250 kg of sorbents each.

Minimum loading rate is 1.83% for CKC (H2S removal sorbent)

and 0.17% for C64 (siloxanes removal sorbent). Because of the

limited operation time and especially because of the reduced

biogas flow rate respect to the cleaning unit design (1 out of 3

modules running) sorbents still show a high loading rate to be

exploited.
Fig. 19 e Results of the emissions analysis (performed on De

Please cite this article as: Gandiglio M et al., Results from an industrial
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.0
Concerning the SOFC module operation and performance,

Fig. 17 shows the results of 600 h of operation (from April to

May 2018) according to the equations shown in Section SOFC

modules. The SOFC module, controlled by the local operator

panel, is set to 90% and is continuously producing 53 kWe.

Electrical efficiency has always been stable and with values

higher than 50% (range 50e53% at 53 kWe). Net electrical ef-

ficiency of the whole plant (including also auxiliary equip-

ment outside the SOFC module) can be estimated in a 5% loss

of the current biogas-to-AC power electrical efficiency: as

explained above, the loss is relevant because the entire plant

e designed for 3 SOFCmodules e is currently operating in off-

design conditions with only one unit running. An efficiency

peak of 56% has been reached at 40 kWe power output. No

degradation effect is visible yet.

Thermal efficiency (in Fig. 17 showed at the water side of

the heat exchanger installed inside the SOFC module) pre-

sents an average value of 31.4% (average total efficiency 82%).

Temperature losses between the SOFC module and the sec-

ondary sludge-water HEX are always lower than 3 �C on the

hot side.

Fig. 18 shows the SOFC power output trend during a dedi-

cated islandmode testing at DEMOSOFC site (December 2017).

As can be seen, after a first ‘transition’ phase (managed by the

UPS), the SOFC can power the loads. Island mode was tested

for a full working day. Re-connection to the grid was also

tested, and power output went back to the set-point (47 kWe

on that day). After this initial test, island mode was auto-

matically managed by the control system in case of grid fail-

ures or blackouts.

VTT Technical Research Centre of Finland [37], partner of

the DEMOSOFC project, has performed onsite emissions

analysis at the DEMOSOFC plant on December 7th, 2017. Re-

sults are shown in Fig. 19. Gas emissions have beenmeasured

with Fourier Transform Infrared Spectroscopy (FTIR) (Gasmet

Dx4000N). Particulate matters are measured with Electronic

Low Pressure Impactor (ELPI). Results show that NOx, SO2, HCl,

HF, and organic compounds are all below detection limits.

Particulate matter (on the right side of Fig. 19) shows that
cember 7th) at the DEMOSOFC site (courtesy of VTT [37]).
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Table 5 e Emissions analysis comparison with existing standards for biogas engines in EU and US area.

NOx CO Others Ref.

US 150 ppm @ 15% O2 610 ppm @ 15% O2 TOC - 80 ppm @ 15% O2 [38]

Austria 400e500 mg/Nm3 400e650 mg/Nm3 Non-methane hydrocarbons

150 mg/Nm3

[39]

Germany 190e500 mg/Nm3 1000 mg/Nm3 SO2

60-190 (existing) mg/Nm3

40 (new) mg/Nm3

[39,40]

Italy 300 mg/Nm3 150 mg/Nm3 TOC - 20 mg/Nm3

SOx - 35 mg/Nm3

[39,41e43]

Belgium 190 mg/Nm3 500 mg/Nm3 [44]

Netherlands 340 mg/Nm3 SO2 - 200 mg/Nm3 [44]

Switzerland 250 mg/Nm3 650 mg/Nm3 PM - 10 mg/Nm3 [44]

DEMOSOFC plant <20 mg/m3 <9 mg/m3 SO2 < 8 mg/m3 [45]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x14
particulate concentration in the surrounding ambient air is

higher than the one in the SOFC module exhaust gases: the

system is indeed filtering ambient inlet air. These numbers

underline the real ‘zero-emission’ concept within the fuel cell-

based installations. The results have been also compared

with existing limits in US and EU area for biogas engines

(Table 5): SOFC emissions are strongly below all the currently

available limits and will be compliant with possible future

reduction of the current values.
Conclusions

The DEMOSOFC plant is running since October 2017, with

some intermediate stops for maintenance activities.

The plant (3 SOFC modules, 174 kWe electric of nominal

capacity) has been sized to optimize its energy integration

within the WWTP, which shows a variable biogas production

profile and a high electrical and thermal request. An Energy

Planner Tool software has been developed to optimize the

system size: the goal was to maximize the use of biogas in the

cogeneration system and the capacity factor of the SOFC

modules. The best options were between three and four

modules, but the 3-modules size was preferred because it was

related to a lower number of shutdown per year (due to biogas

fluctuations), and thus to lower stress for the fuel cell system.

Within the plant operation - besides the planned stop

phases - the SOFC modules have always worked under a sta-

ble operation point (usually 90e100% of the full power) pro-

ducing electrical and thermal energy for theWWTP. Efficiency

has always been higher than 48e50% (from compressed

biogas to AC power) with a peak of 56%. The consumption of

the compressor machine only is on average 1.9 kWe. Other

auxiliaries’ consumption is under evaluation since the num-

ber, and the type of components strongly depends on the

design of the entire system: already existing chillers in the

plant, location of the system respect to the biogas production

area, heat recovery system layout, etc.

Future works will be focused on the long-term operation of

the part. Degradation analysis and stack substitution will be

analyzed, together with current (and optimized) plant prepa-

ration costs. The goal of the overall activity is to proveewith a

real long-term onsite testing e the advantages of the SOFC

systems coupled with biogas feeding and to associate these

technical results with a reliable and optimized plant cost.
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