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Combined Cooling, Heat and Power production (CCHP) systems allow energy production

with high efficiencies. An even higher advantage can be obtained by feeding the system

with biomass or residues. In the present paper, the development of a simulation model of a

CCHP system of 630 kWe size is presented. An ASPEN model has been developed for the

simulation of a gasification-SOFC plant with a downdraft gasification process from ligno-

cellulosic biomass. The results of the model have been used to set a model of the whole

CCHP system in TRNSYS environment, suitable for dynamic simulations. The model has

been applied to an industrial case study, which represents an advancement of the current

literature, and different layouts have been evaluated. Such models include not only stan-

dard components, such as vapour compression chillers but also advanced thermal chillers.

Results showed that the primary energy consumption using a CCHP system could be

reduced of about 15 GWh/y (50% less of a traditional system with separate energy pro-

duction) with an amount of avoided CO2 emissions of about 5000 t/y.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

CO2 emissions are a key issue in today's global energy sce-

nario, due to an increasing commitment towards the envi-

ronment and the containment of climate change [1]. Among

the factors contributing to the increasing amount of GHG in

atmosphere, industrial activities cover a primary role. In

particular, burning of fossil fuels is the primary source of GHG

emissions [2]. To overcome or mitigate such an issue, the

utilization of alternative energy sources, e.g. green renewable

fuels, can be beneficial [3,4]. Indeed, biomasses are a
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renewable and carbon neutral resource, which is widely

available worldwide. Lignocellulosic biomass, such as wood,

have been traditionally processed by combustion for power

production, even if pyrolysis and gasification can be also used

for producing power and/or fuels efficiently, using different

types of feedstocks [5e9]. Among the different technologies of

lignocellulosic biomass conversion for power production,

thermochemical gasification allows high efficiency and lower

pollutant emission per unit power, in particular in small-scale

applications [5]. Indeed, syngas can efficiently take advan-

tages by the well-established technologies of internal com-

bustion engines or gas turbines [10e13].
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Nomenclature

A area, m2

cp specific heat capacity, kJ/(kgK)

E energy, MWh

F Faraday constant, C/mol

G solar radiation, W/m2

I current, A
_m mass flow rate, kg/h

n molar flow, kmol/h

P electric power, kW

PE Primary energy, MWh
_Q thermal power, kW

T temperature, �C
U overall heat transfer coefficient, W/(m2K)

V voltage, V

VN Nernst voltage, V

x molar fraction of gaseous components

Greek letters

h efficiency

Subscripts

a activation

amb ambient

aux auxiliaries

biom biomass

c concentration

cg cold gas

CL cooling load

comb combustion

comp compressors

elec electric

EL electric load

ex excess

HL heating load

in inlet

m average temperature

NRES Non Renewable Energy System

pd production and dispatch

out outlet

RES Renewable Energy System

syn syngas

Abbreviations

AC Alternating Current

CHP Combined Heat and Power

CCHP Combined Cooling Heat and Power

COP Coefficient of Performance

DC Direct Current

EER Energy Efficiency Ratio

GHG GreenHouse Gases

KPI Key Performance Indicator

HT High Temperature

LHV Low Heating Value, MJ/Nm3

LT Low Temperature

MT Medium Temperature

SOFC Solid Oxide Fuel Cell

VCC Vapour Compression Chiller
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Combined heat and power (CHP) systems allow producing

both thermal and electrical energy with high efficiencies

[14e17]. If CHP systems are combined with the use of by-

products, biomass or residues, additional environmental and

economic benefits may be achieved. Among the technologies

available for CHP, high temperature fuel cells, such as molten

carbonate and solid oxide fuel cells, can operate on carbon-

based fuels derived from biomasses or by products with high

efficiencies [18e21], high reliability and low NOx and SOx

emissions [22]. A further beneficial effect of using SOFC sys-

tems for power production is the possibility to recover and

reuse the produced CO2, as suggested by Santarelli et al. [23].

The biomass-fuelled configuration for SOFC has been pro-

posed by many authors [24e27], which show the potential of

such solutions by achieving net electrical and CHP efficiencies

in the range of 32e47% and 74e80%, respectively [27,28].

The application of SOFCs in trigeneration (CCHP) or poly-

generation system leads to other advantages, since it is

possible to reutilize all or part of the heat from SOFC for

cooling production, further increasing the overall efficiency of

the plant. An extensive review of the technology of fuel cells

applied to CCHP is reported in Ref. [29]. In literature, several

studies are cover the topic of the coupling of SOFC and ther-

mally driven systems for CCHP production. In Ref. [30], Calise

presents the design and economic analysis of a polygenera-

tion system for CCHP production, using a concentrated solar

field, a SOFC and an absorption chiller. A MATLAB model is

used for the simulation of the fuel cell, while TRNSYS envi-

ronment is used for the design of the integrated system. In

Ref. [31], the TRNSYS simulation of a CCHP system including

evacuated solar collectors, a PEM fuel cell and an absorption

chiller is reported and overall energy consumption and eco-

nomic figures are calculated for an office building (i.e. a

portion of university building). However, most of the studies

reported in literature, while dealing with TRNSYS models in

different climates, are almost solely focused on the residential

sector for heating [32,33], cooling [34], heating and cooling [35]

or heating cooling and domestic hot water production [26].

In such a context, aim of the present study is to present the

analysis of different solutions for the application of a SOFC-

based trigeneration system in an industrial background, for

the production of process heating, cooling and electricity. A

wood processing industry was selected for developing the

analysis of this case study. The SOFC fed by syngas, obtained

from the gasification of lignocellulosic biomass, is used for

heating and electricity production. The gasification unit was

fed by the pinewood residues produced during wood pro-

cessing of the considered industry. Instead, cooling demand is

met by either an adsorption chiller or a vapour compression

chiller. Moreover, in addition to the SOFC, the use of solar

collectors for heating supply has been evaluated, which rep-

resents a novel analysis for the secondary sector. To this goal,

two models were realised: an ASPEN Plus model for the

simulation of the biomass gasification and SOFC units and a

TRNSYS model for the integration of the SOFC into the whole

trigeneration system. All the models are based on validated

components. Results are reported in terms of primary energy

saved for the system, as well as the reduction in CO2 emis-

sions, in comparison to the standard Italian energy mix. The
industrial applications: Development of a simulation model for a
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global system efficiency of each solution has been calculated

and the results compared.
The case study

Heating, cooling, electric loads

Focus of the present study is the application of a solid oxide

fuel cell unit, fed by syngas from biomass, to the case of an

industrial application. With respect to the residential cases

analysed in literature, the industrial needs differ not only in

the sizing of the whole system, but also in the characteristics

of the load itself. Whereas the cooling and heating profile of a

building aremostly influenced by external weather conditions

[26,33,35], the demand for the industry is mainly due to the

process heating or cooling requests and is therefore more

stable. This is an advantage when dealing with CHP and CCHP

systems, for which a higher capital cost is needed and difficult

in following the thermal profile is, in some cases, found [36].

For the analysis, the actual electricity, heating and cooling

demand of an Italian wood processing industry have been

used for the simulation. Such contributes are shown in Fig. 1

on monthly basis. As clearly shown, in this case, the cooling

demand is constant and it is only a fraction (around 20%) of

the heating energy needed. Instead, the electric load contrib-

utes to about a third of the total request of the system. Since

the hourly profile for the loads are known, the power needed

has been calculated as well, in order to size the SOFC-powered

system. Even though a SOFC could be able to follow quick load

change, this could also imply possible damages [25]. It follows

that the criterion used for sizing the SOFC was to cover the

electrical power base-load demand (Fig. 1) at every condition,

considering the possibility to sell any produced electricity

surplus. From the calculated values, a fuel cell system of

630 kWel net electrical power has been considered. Two

working points have been selected: 630 kWel from May to

November and 540 kWel from January to April and in
Fig. 1 e Annual load demand
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December. The system operates for 8040 h/y, since in August

and December the industry stops for 15 days for periodic

maintenance.

System layout

The actual power generation system (named “reference sys-

tem”) installed in the industrial site, relies mostly on energy

from fossil fuels: the electricity is completely obtained by the

connection to the national grid, whereas, for the satisfaction

of cooling loads, electrically-operated vapour compression

chillers (VCC) are used. Regarding the heating loads, these

have been further divided into hot water demand (at 80 �C)
and steam demand (at 175 �C and 8 bar g). In the reference

system, they are all covered by methane boilers.

Since the aimof thework here presented is the evaluation of

differentalternatives, three layoutshavebeencompared,which

differ in the number and type of energy sources and the desti-

nationofheat andelectricity producedby theSOFC.A summary

of the simulated cases is reported in Table 1, where the source

used to satisfy each energy demand contribute is described. For

comparison reasons, the reference system is described.

In Fig. 2, the schematic layout for each of the three cases is

reported.

In each system, there are a gasificator and a SOFC system,

representing the core of the whole power generation archi-

tecture. The gasification unit that has been considered in this

work is a fixed bed downdraft reactor. The SOFC represents

the syngas utilization section, i.e. the power generation unit,

which is modelled by a tubular solid oxide fuel cell developed

by Siemens Power Generation Inc. This type of solid oxide fuel

cell has been proven to be reliable, working over 36,000 h fed

by natural gas [25] and it is easy to scale [37]. The SOFC system

examined in this work consisted in the combination of seven

120 kW DC stacks, for a total gross DC electrical output of

840 kW.

In case 1, an adsorption chiller is used to meet cooling

loads. For the simulation, a silica-gel/water commercial
for the examined case.
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Table 1 e The scenarios modelled.

Case 1 Case 2 Case 3 Reference

Electric SOFC SOFC SOFC National electric grid

Back- up National electric grid National electric grid National electric grid e

Heating SOFC SOFC SOFC þ evacuated solar collectors Methane boilers

Back- up boiler boiler boiler e

Cooling Adsorption chiller driven

by waste heat from SOFC

Compression chiller driven

by electric energy from SOFC

Compression chiller driven by

electric energy from SOFC

Compression chiller

driven from national

electric grid

Back- up No National electric grid National electric grid e
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adsorption unit, whose performance have been experimen-

tally measured at CNR-ITAE laboratories, has been used as

basis. For the rejection of process heat, the chiller is equipped

with a dry re-cooling system using variable speed fans. The

adsorption chiller is driven through the hotwater produced by

the SOFC system. Indeed, in order to guarantee an almost

constant inlet to the adsorption chiller, and allow for the uti-

lization of the heat from the fuel cell also for heating purposes,

a sensible heat hot water storage has been inserted. It is

connected to the fuel cell and a back-up heater.

For cases 2 and 3, a vapour compression chiller with R410a

gas as refrigerant has been considered. As for the case of the

adsorption chiller, the condensation heat is rejected through a

variable speed fans dry re-cooler. In both these cases, a sen-

sible heat hot water storage has been inserted:

- In case 2, it is connected to a heat exchanger recovering the

heat from the SOFC and the methane boiler. It serves for

the coverage of the heating loads.

- In case 3, the storage is heated by a solar field made up of

evacuated tube collectors and the fuel cell, while no boiler

serves as back-up. As for the previous case, all the heat is

used to follow the “hot water” loads.

In all the cases studied, the existing diathermic oil boiler

(operated by methane) has been maintained for the produc-

tion of steam.

For case 3, a solar field has been considered, made up of

evacuated tube collectors. Indeed, they guarantee, with

respect to other types of solar collectors, a higher efficiency

and a temperature level (75e90 �C) suitable to drive the

adsorption chiller [38]. The solar collector field has been

designed in order to cover the fraction of thermal heating load

that, according to its nominal characteristics, the fuel cell

could not satisfy.
Methodology

In Fig. 3, the methodology followed for the analysis is repre-

sented. As stated before, the main aim of the study is the

evaluation of benefits arising from the use of the CCHP system

over the traditional one, in terms of primary energy savings

and reduction of GHG emissions (specifically CO2). In order to

ensure the reliability of the models, validation studies have

been performed, on both the gasification/fuel cell section and

the solar/adsorption one.

From the gasification-SOFC model, the efficiencies of this

system has been calculated in order to verify the impact of
Please cite this article in press as: Palomba V, et al., Tri-generation for
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this solution on the existing plant and to find the critical

points for the improvement of the system. Different efficiency

parameters have been calculated: cold gas efficiency, SOFC

gross and net electrical efficiency and CHP gross and net ef-

ficiency. Cold gas efficiency (hcg) defines the efficiency of

intrinsic chemical energy conversion of biomass into syngas,

expressed as follows:

hcg ¼
_msyn LHVsyn

_mbiom LHVbiom
(1)

where _msyn and _mbiom are the syngas and biomass mass flows,

respectively, LHVsyn is the syngas low heating value and

LHVbiom is the biomass low heating value.

The SOFC gross electrical efficiency ðhSOFC;grossÞ is the ratio

between the SOFC AC electrical output (PAC gross) and the

syngas power input ð _msyn$LHVsynÞ, while the net electrical ef-

ficiency ðhSOFC;netÞ also consider the compressors power con-

sumptions ðPcompÞ.
Moreover, the gross AC efficiency and the CHP efficiency

ðhCHP; grossÞ of the gasification-SOFC section have been calcu-

lated. The former is the ratio between the gross electric output

(PAC gross) and the total fuel power input ð _mbiom LHVbiomÞ, while

the latter is the sum of the gross electric output and useful

thermal output ð _QSOFCÞ produced by the fuel cell, divided by

the energy input from the fuel.

hSOFC; gross ¼
PACgross

_msyn$LHVsyn
(2)

hSOFC;net ¼
PACgross � Pcomp

_msyn$LHVsyn
(3)

hgas�SOFC; AC gross ¼
PACgross

_mbiom$LHVbiom
(4)

hgas�SOFC;CHP gross ¼
PACgross þ _QSOFC

ð _mbiom$LHVbiomÞ (5)

Regarding the analysis performed in TRNSYS, one of the

parameters calculated is the saving of non-renewable (pri-

mary) energy, for the three systems (RES1, RES2, RES3)

described in Table 1, in comparison to the existing reference

system (NRES). For the reference system, the primary energy

consumption is the sum of three components: the consump-

tion of electricity for the coverage of electric loads (EEL), the

electric energy needed to drive the VCC (EVCC) for the coverage

of cooling loads and the consumption of methane for the

coverage of heating loads (ECH4). The electric energy needed to

drive the auxiliaries (mainly the pumps and the fans of the
industrial applications: Development of a simulation model for a
nergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2017.06.206
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Fig. 2 e Schematic layout of the three simulated scenarios.
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recooler) has been included in the calculation as well (Eaux).

However, since a rigorous energy analysis requires that the

compared systems produce the exact same amount of energy,

an extra term has been considered (Eel,ex): it considers that the

reference system uses non-renewable energy to produce the

same amount of electric energy that is sold to the grid by the

renewable systems. Consequently, the primary energy

consumed by the reference system is calculated as:

PENRES ¼ EEL þ EVCC þ Eaux

hpd;elec

þ ECH4

hpd; CH4

þ EEL; ex

hpd; elec

(6)

where hpd are the production and dispatch efficiencies

detailed in Table 2. The energy needed to drive the vapour

compression chiller is a function of the cooling loads (ECL) and

its energy efficiency ratio (EER), while the energy due to

methane consumption is a function of the heating load and

the combustion efficiency of the boiler:

EVCC ¼ ECL

EERVCC
(7)

ECH4 ¼ EHL

hcomb

(8)

For the trigeneration systems, the primary energy con-

sumption is due to the methane consumed by the boiler for

steam production and the integrations, in terms of hot water
Please cite this article in press as: Palomba V, et al., Tri-generation for
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and electricity, of the back-up systems when the energy pro-

duced by the fuel cell is not enough tomeet the instantaneous

demand. It can be expressed as:

PERES; i ¼ Eelec; back�up

hpd; elec

þ ECH4;back�up

hpd; CH4

i ¼ 1; 2;3 (9)

The production and dispatch efficiencies for electricity and

methane production have been extracted from literature [39].

In Table 2 the parameters used in the above mentioned

equations are reported.

In order to directly compare the three systems, and to

define if a higher efficiency can be obtained by combined

production of heating, cooling and electricity over the sepa-

rated one, the overall efficiency of the system has been

defined as:

hsystem ¼ EEL þ EHL þ ECL

Ebiomass þ ECH4 þ Eelec;back�up
(10)

It represents the ratio between the useful effect produced

by the system (calculated over 1 year operation), in terms of

electric loads (EL), heating loads (HL), cooling loads (CL) and

the energy supplied to the system, from the biomass, the

methane and the electric grid.

Finally, the avoided CO2 emissions have been calculated as:

DCO2; i ¼ CO2; NRES � CO2; RESi ¼ PENRES � PERES; i

hCO2

(11)
industrial applications: Development of a simulation model for a
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Fig. 3 e Methodology.
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The CO2 emission factor for Italy ðhCO2
Þ has been taken from

Ref. [40] and it is equal to 0.39 t/MWh.
Gasification and SOFC models

The downdraft reactor was chosen because it proved to be a

reliable and simple solution for small-medium scale com-

mercial solutions [41], which is also able to produce a syngas

with very low tar concentration, thus reducing the efforts for

gas cleaning. In this work, air was considered as gasification

agent, as this is the most common configuration in commer-

cial scale downdraft gasifiers. Furthermore, detailed infor-

mation has been found for the model development and scale-

up of system [42]. The downdraft gasification reactor as well

as the SOFC unit were simulated, by means of Aspen Plus

simulation software, in order to analyse and predict perfor-

mances of both syngas production and utilization units. In

particular, a steady state simulation model was developed
Table 2 e Parameters used for primary energy
calculations.

Parameter Value

EERVCC 4.0

hcomb 0.85

hpd,el 0.44

hpd,CH4 0.88

Please cite this article in press as: Palomba V, et al., Tri-generation for
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because the start-up and shut-down periods can be neglected

if compared to the annual operating hours. With regard to the

downdraft reactor, the model aims at simulating the experi-

mental results obtained by Machin et al. [42], which provided

substantial experimental details for the model development.

The proposed reactor model (orange box in Fig. A. 1, Appendix

A) is based on the minimization of the Gibbs free energy. The

biomass cannot be described by a conventional chemical

component, so it ismodelled by a so-called “non-conventional

component”, whose main feature is the ultimate analysis, as

reported in Table 3 for the pine wood [42], which was used as

biomass source in this study.

After the validation of the gasification model, whose re-

sults are shown in paragraph 6, it was integrated with the

model of the solid oxide fuel cell, connecting the produced

syngas into the SOFC. The fuel cell model was realised ac-

cording to the typical SOFC simulation model [25,43,44]. The

electric performance were calculated by the well-established

equations for the voltage loss, as described in Refs. [43e46].

Doherty [43] described and listed in detail the cell geometry

and properties used as input for the voltage calculation, as

well as the details for the calculation of each diffusion coef-

ficient. In this work, the same cell properties have been used

in order to replicate the SOFC model. The gasification-SOFC

model description, as well as the equations used for the syn-

gas flow rate determination, are described in Appendix A.
TRNSYS model

TRNSYS environment has been chosen for the simulation of

the whole CCHP system, since it includes all the main com-

ponents for this kind of energy system. In the implementation

of the model, for the solar section and the adsorption chillers,

previous works by the authors have been used as basis [38,47].

A list of the type used for each component is reported in

Table 4, while a detailed description of the types used and

their equations is presented in Appendix B.

Among the components used, the adsorption chiller is

modelled using a performance map measured at CNR-ITAE

while the electric chiller model uses a performance map

given by the producer. The other components models,

particularly the solar collectors, hot water storage and re-

cooler, have already been validated by the authors, as re-

ported in Ref. [48].

In addition to the main components for power production,

other auxiliaries have been inserted in the TRNSYS model of

the system. More specifically, they consist of:

- Variable speed pumps, one for each circuit;

- A heat exchanger for the connection of the diathermic oil

boiler producing steam to the loads;

- Controllers.
Experimental activity on the adsorption chiller

The model of the adsorption chiller is based on the perfor-

mance of a commercial chiller measured experimentally at

CNR-ITAE. A detailed description of the testing bench used for
industrial applications: Development of a simulation model for a
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Table 3 e Ultimate analysis and heating value of pine
wood, used as gasification model input.

Ultimate analysis (%wt db)

C H N Oa Ash Moisture LHV

%wt db %wt db %wt db %wt db %wt db %wt MJ/kg

48.18 5.71 0.15 43.89 2.07 9.0 17.7

a By difference.
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such measurements is given in Ref. [49], while a picture of the

system is shown in Fig. 4. Themain components of the testing

bench are:

� a gas heater (1), that is connected to a hot water storage (2)

which provides heat for the desorption of the thermally

driven chiller at temperatures of 65 �Ce90 �C;
� a 63 kW chiller (not shown in the picture) that is connected

to a MT/LT storage (3) used to simulate both the conden-

sation circuit at temperatures of 20 �Ce45 �C and the user

circuit (evaporator circuit) at 10 �Ce20 �C. The temperature

in both circuit is regulated by means of 3-way valves and

PID thermoregulators.

� Variable speed pumps (4) installed in all circuits, as to

adjust the flow rate according to the nominal conditions of

the chiller.

The measurements on the commercial unit were realised

under the following boundary conditions:

- Hot water inlet temperature of 65 �C, 75 �C, 85 �C, 90 �C;
- Heat rejection temperature of 20 �C, 22 �C, 25 �C, 28 �C,
31 �C, 33 �C, 35 �C, 40 �C

- Chilled water temperature of 15 �C and 18 �C.

An example of temperature and power trends recorded

during the experimental campaign are shown in Fig. 5 and

Fig. 6. In Fig. 5, it is possible to detect the typical operation of

an adsorption chiller, characterized by a cyclical trends: at the

beginning of each phase, there is a peak in the medium tem-

perature circuit, due to the high condensation rate. Similarly,

the temperature of the chilled water outlet is lower at the

beginning of each cycle and progressively raises until a new

cycle is started. What is clear from the recorded data is that
Table 4 e TRNSYS type used in the simulation.

Component TRNSYS type

Heat exchanger 5

Variable speed pump 3 b

Load profile input 14 h

Load to temperature (water) 682

Load to temperature (steam) 605

Adsorption chiller 909

Water-water electric chiller 666

Recooler 511

Hot water storage 60 d

Solar collectors 71

Weather data 15e2

Please cite this article in press as: Palomba V, et al., Tri-generation for
gasification-SOFC based system, International Journal of Hydrogen E
the controlling algorithm of the chiller causes a small varia-

tion in the duration of each cycle. The power follows the

behaviour of the temperatures, and therefore a peak is visible

at the beginning of each cycle, that, for the test shown, rea-

ches 10 kW for the chilled water circuit and 20 kW for the high

temperature circuit, representing the amount of heat to be

supplied to the system.

During the experimental benchmarking, the thermal Co-

efficient of Performance of the chiller, its cooling capacity and

the electrical consumptionweremonitored, in order to be able

to draw themap of performance used as in input in themodel.
Results and discussion

Validation of downdraft gasification model

In Table 5 the simulation results of the gasification model and

the experimental ones reported by Machin et al. [42] are

compared. During the stand-alonemodel validation, the same

biomass flow rate (2.5 kg/h) of the experimental tests has been

used. It should be noticed that in this simulationmodel the tar

formation has been neglected, as well as the syngas cleaning

section. This comes from the very low tar concentration in the

produced syngas, as evidenced in Ref. [42]. Furthermore, the

analysis of the syngas cleaning section is not object of this

paper. The validation results showed a good agreement with

the experimental data. The main differences were detected in

the syngas heating values, that are higher in the experimental

case, due to the absence of methane in the syngas from the

simulation model. This difference is equal to 0.12 MJ/Nm3 and

it is caused by the difficulty of the simulation model to form

methane at the process conditions (T > 800 �C). Indeed, the
simulated syngas composition was obtained with a thermo-

dynamic approach based on the Gibbs free energy

minimization.

Gasification e SOFC models integration and system
performance

After the stand-alone model validation, the gasifier and the

SOFCmodels have been integrated and the systemwas scaled

up to the plant size (840 kW DC). In the scaled-up system

model, the same streams ratios reported in Table 5 have been

used. It should be highlighted that, when the twomodels were

integrated, the water in the outlet syngas stream was not

condensed. Indeed, it was kept in vapour phase in the syngas

stream in order to avoid carbon deposition and favoring the

reforming and gas shift reactions in the pre-reformer block of

the SOFC. Therefore, the additional water stream entering the

SOFC was set to zero for this case study. It follows that in the

gasification-SOFC integrated model the composition of wet

syngas entering the SOFC is (in %vol.): 10.5% H2, 13.6% CO,

11.8% CO2, 51.3% N2 and 12.8% H2O. The effect of current

density on DC power density, voltage and AC efficiency, using

the specified wet syngas composition, are reported in Fig. 7.

These curves, that were determined as reported in Appendix

A, are used to choose the optimal fuel cell operating condi-

tions. It is trivial to understand that the fuel cell should

operate at high efficiency in order to minimize the operating
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nergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2017.06.206

http://dx.doi.org/10.1016/j.ijhydene.2017.06.206
http://dx.doi.org/10.1016/j.ijhydene.2017.06.206


Fig. 4 e The testing bench for the characterization of thermally driven chillers at ITAE; 1-Heater, 2-Hot storage, 3-MT/LT

storage, 4-Hydraulic connections, 5-Chiller under testing.

Fig. 5 e Temperature trends during a typical measurement

at CNR-ITAE.

Fig. 6 e Power trends during a measurement.
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costs. Instead, to reduce the capital costs, the SOFC should

operate at high power density in order to reduce the number

of cells. It follows that there must be a trade-off between

operating costs (efficiency and voltage) and capital costs

(power density). In this work, the SOFCmodel was operated at

200 mA/cm2, which is a value in the practical operating range

of the tubular solid oxide fuel cell examined in this study

[25,43,44].

Table 6 shows the most relevant results of the gasificator-

SOFC integrated simulation model. Cold gas efficiency is 55%,

in accordance with the performances of the considered

downdraft reactor fed with pine wood [42]. The low value of

cold gas efficiency may be addressed to the unconverted char

that leads to an inefficiency in the gasification process. The

biomass input is 700 kg/h of dry biomass, corresponding to

3440 kW, that is required to feed the 840 kW DC SOFC. Its AC

gross and net efficiencies are 44% and 36%, respectively,

operating at 200 mA/cm2 and 744 mV. These operating con-

ditions and efficiencies are consistent with realistic ones

[25,43]. The gap between the SOFC's gross and net electrical

efficiencies is due to the power consumption of syngas and air

compressors, accounting for about 161 kW. This leads to a lack

of 20% of AC power (the ratio between compressor con-

sumption and gross AC power), while in the case study of

Doherty it is about 13% [43]. This difference is due to the high

concentration of nitrogen in the syngas obtained in this case

study (51.3% vol. wet basis), which dilutes the syngas, leading

to a higher syngas flow rate needed to feed the SOFC. This

implies higher compression work. Conversely, the well-

known Güssing dual fluidized bed air-steam gasification al-

lows the production of an almost nitrogen-free syngas (1% vol.

dry basis) [43]. The low cold gas efficiency has a negative

impact on the plant gross electrical efficiency (23%), as
industrial applications: Development of a simulation model for a
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Table 5 e Experimental and simulated data of the downdraft gasification unit.

Parameter Unit Experimental [29] Model Difference between
experimental and models

Air/biom (20�C) (kg/kgar) 2.58 2.56 1.0%

(Char þ ash)/biom (kg/kgar) 0.051 0.050 1.0%

Dry syngas/biom (kg/kgar) 3.27 3.21 1.0%

Water out/Biom (kg/kgar) 0.281 0.297 5.4%

Dry syngas composition

H2 (% vol.) 12.1 12.0 1.0%

CO (% vol.) 16.0 15.7 1.9%

CO2 (% vol.) 11.4 13.3 14.2%

CH4 (% vol.) 0.2 e e

N2 (% vol.) 59.4 58.9 1.0%

LHV (MJ/Nm3) 3.40 3.28 3.6%

Fig. 7 e Polarization curve, power density and cell performance as function of current density.
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reported in Table 6. This value is lower than other biomass

gasification-SOFC systems analysed in literature [25,27,43]. It

follows that even the plant CHP efficiency results to be lower

than expected [25,43]. The above results indicate how the

gasification process efficiency and the specific gasification

technology may affect the system efficiency. In fact, if a

typical cold gas efficiency of about 75% would be reached, the
Table 6 e Main results of the Gasification-SOFC system.

Parameter Unit Value

Gasification unit

Biomass input kW 3440

Cold gas efficiency (LHV basis) e 55%

SOFC unit

Current density mA/cm2 200

Cell voltage (mV) mV 744

Net DC power kW 840

Gross AC power kW 790

Net AC power kW 629

SOFC AC gross efficiency e 44%

SOFC AC net efficiency e 36%

Integrated gasification e SOFC plant

Gasificator-SOFC gross electrical efficiency e 23%

Max. recoverable heat from the SOFC kW 1185

Gasificator-SOFC gross CHP

efficiency (LHV basis)

e 56%
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plant gross electrical efficiency may achieve values of about

34%, that is comparable with efficiency obtained by Doherty

et al. [25,43]. Furthermore, when the nitrogen content in the

producer gas, the net efficiency enhances due to the reduction

of the required power for syngas compression. This goal may

be achieved using an air-steam gasification, instead of an air

gasification, and using a dual bed reactor to separate the

combustion flue gas (nitrogen rich) from the syngas produced

during steam gasification reactions [25,41,43].

Integration of the models

In literature, different approaches have been used for the

simulation of fuel cells in TRNSYS, as the integration with

MATLAB models [30], or the utilization of a performance map

[35,50]. In thepresentwork, thecharacteristiccurvesof theSOFC

system, showing thesyngasflowrate and thermal power output

as a function of the SOFC AC power, have been derived and are

shown in Fig. 8(aec). As visible, the simulation points from

ASPEN can be fitted with straight lines, whose equations are

shown in the graphs. The linear trends are due to the fact that

the CHP system ismade up of several stacks of 120 kWDC, each

unit working at 100% of its capacity. The reduction of the elec-

trical power output was achieved by reducing the number of

operating SOFCs stacks. A macro has then been created in

TRNSYS, including these equations. It also includes the corre-

lation that is used to simulate the gasification unit, showing the
industrial applications: Development of a simulation model for a
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Fig. 8 e Relationship between SOFC net AC Power and hydrogen equivalent mass flow rate (a), biomass mass flow rate (b)

and SOFC recoverable heat (c).
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amount of biomass needed to drive the gasification-SOFC sys-

tem (Fig. 8b). This relationship can be used to determine the

annualbiomass rate, that is themainenergy inputof thesystem.

The TRNSYS is structured so that it uses the desired electrical

power from the SOFC as input and, by means of the equations

showninFig. 8(aec),givesasoutput therecoverableheatandthe

biomass flow rate.
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Energy analysis

One of themain reasons to replace a traditional systemwith a

CCHP one, is the higher overall efficiency in power generation.

Since the analysed layouts involve different sources and

several energy conversion components, Sankey diagram has
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been used to identify all the energy streams and the utilization

of energy. Energy flows for the three cases examined are

represented in Fig. 9, Fig. 10 and Fig. 11 on annual basis. In all

scenarios, the highest energy contribution is due to the

biomass supplied to the gasificator-SOFC system. The energy

due tomethane is mainly used to cover the steam demands. It

is higher in case 1, because in this layout the heat from the

SOFC is mainly used to drive the adsorption chiller. However,

in this case, the electric energy supplied by the grid is lower,

because in the other scenarios, a higher electric energy share

is needed to drive the electric chiller. In case 3, the heat from

the fossil-fuelled boiler is only needed for steam production,

while the other heating loads are completely met by the SOFC

and solar thermal collectors. The heat losses through the

environment have been calculated as well: they consist in the

heat of condensation of the adsorption or VCC chiller, that

must be rejected through the dry recooler: the highest value is

those of case 1, when the adsorption chiller is used.

The overall efficiency of the system has been calculated as

well, according to Eq. (10). For case 1, it is equal to 34%, while
Fig. 9 e Energy flo

Fig. 10 e Energy fl
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for case 2 is 36% and for case 3 is 37%. The efficiency for a

separate production of heat, cold and electricity is instead

equal to 27%, about a quarter less than the efficiency for the

combined production. Indeed, as previously explained, the

overall efficiency of the system is negatively affected by the

low efficiency of the CHP section, thus indicating that an even

further improvement could be achieved by choosing a

different type of gasificator. Considering the comparison be-

tween the three layouts, the higher efficiency of case 2 and

case 3 is mainly due to the heating demand. Indeed, differ-

ently from what found in literature for residential applica-

tions, where the heating loads are comparatively small [38,47],

in this specific application, with a relevant heating load, the

utilization of heat from SOFC to drive the adsorption chiller

represents a disadvantageous choice. On the contrary, since

the electric loads are significantly smaller, excess electricity to

drive the vapour compression chiller leads to a better utili-

zation of the energy produced. The difference between case 2

and case 3 is very small. It is actually true that, for case 3, the

integration of boilers for the production of hot water is
w for case 1.

ow for case 2.
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Fig. 11 e Energy flow for case 3.
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completely removed, but at the expense of a more compli-

cated and expensive system layout since it includes solar

collectors. Moreover, a boiler for the production of steam is

still present, therefore the system cannot run on 100%

renewables.

From TRNSYS model, the annual amount of biomass

needed has been calculated to be 5500 t/y.

Fig. 12 shows the non-renewable primary energy savings

for the three systems, onmonthly basis and for the simulation

of the entire year. The differences among the three cases are

around 5%, with the system from case 3 performing better,

since energy from solar collectors replaces part of the energy

needed for the covering of heating loads. Case 1 and case 2

allow for savings of non-renewable primary energy of 48%,

while case 3 allows primary energy savings of 52%, corre-

sponding to 15 GWh for the entire year.

The results of the energy analysis indicate that, even

though the overall efficiency of the system is almost the same

for case 2 and 3, the installation of solar thermal collectors

increases the primary energy savings, that, as shown below,
Fig. 12 e Primary energy saving
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corresponds to lower CO2 emissions. All the proposed solu-

tions perform better than the reference system and permit

reducing the energy from traditional sources.

Environmental analysis

Fig. 13 shows the emissions avoided in the three cases. The

trends match those of the primary energy savings, with a

more consistent benefit for case 3 and a similar behaviour for

case 1 and case 2. The avoided emissions are around half of

those for the traditional system, and are equal to 5000 t/y,

which is therefore a significant reduction.

Comparison with a gasification-I.C.E system

The results obtained in the study here presented have been

compared to the ones obtained by the authors in Ref. [51],

where the same application was considered using an internal

combustion engine instead of a SOFC to satisfy electricity

demand and the heating loads, while cooling loads were
s in the various scenarios.
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Fig. 13 e Avoided carbon dioxide emissions in the various scenarios.
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fulfilled with electric chillers. The results obtained, in terms of

primary energy savings and avoided CO2 emissions are similar

to those found for the case of scenario 2: the primary energy

needed to drive the system was 49% of that for the reference

system. However, the overall efficiency of the system, calcu-

lated according to Eq. (10) for the gasification-I.C.E. based case

is 29%, which is lower than the system here proposed, thus

highlighting the more efficient production obtainable with a

SOFC system.
Conclusions

The potential of integrating a gasification-SOFC CHP system in

an existing manufacturing production process has been

evaluated by means of simulation models. The biomass used

as feedstock was the residue of pine wood processing that is

produced by the wood processing industry that has been

selected for this work. The actual heat and power generation

system (reference system) installed in the considered indus-

trial site has been compared with three different alternatives

for heating and cooling production. Each of the proposed al-

ternatives had a biomass gasification-SOFC system for the

base load power generation. The gasification-SOFC simulation

model has been developed by ASPEN Plus simulation soft-

ware, while TRSNSYSwas used for the integration of the SOFC

into the whole trigeneration system. All the models were

based on validated components. The results of the

gasification-SOFC model showed that plant gross electrical

and CHP efficiencies are 23% and 56%, respectively. The low

efficiency can be addressed to the low cold gas efficiency of

the analysed downdraft air gasification system thatwas found

to be 55%. The SOFC AC gross efficiency is about 44%, which is

comparable with literature data. It follows that the weakest

link of the proposed gasification-SOFC system is the gasifica-

tion step and that improving the biomass conversion process

can positively reflect on the electrical and CHP efficiencies of

the power unit. The results of the gasification-SOFC model
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have been used to integrate it in a TRNSYS model. The inte-

gration was obtained by adding the equations describing the

relationships between the SOFC AC net output and the SOFC

thermal output varying the biomass input. Using this tool,

energetic and environmental analysis have been performed,

showing a saving of about 50% of primary energy and an

avoided CO2 emission of about 5000 t/y compared to the

existing reference system. The overall efficiency of the system

is 34%, 36% and 37% for the three cases respectively, whereas

the efficiency of the existing system for separate energy pro-

duction is 27%. Finally, the amount of biomass needed to run

the system has been estimated in 5500 t/y.

Appendix A. Gasification e SOFC model

The gasification-SOFCmodel is shown in Fig. A. 1. The stream

named “BIOMASS“ describes the wet biomass input, which

first meet a RYield block (H2OYIELD) that separates the

intrinsic moisture of biomass from the non-conventional sub-

stream, according to the proximate analysis, while a separa-

tion block (H2OSEP) separates the moisture from the dry

biomass (DRYBIOM) stream, in order to direct the water into

the gasification reactor. The dried biomass is then decom-

posed in its elementary compounds (BIOMELEM stream), ac-

cording to the ultimate analysis, in the “BIOMDEC” block (an

RYIELD block), in which ash is modelled with silicon. The

yields of the biomass elements at the output of the RYIELD

blocks are calculated from the biomass ultimate analysis.

Unconverted char and ash are separated from the main

stream according to the ash þ char yields obtained experi-

mentally [42]. The elements that constitutes the dry-ash-free

biomass are directed in the part of the reactor in which the

combustion reactions take place (“COMB” block). The tem-

perature of this block is set at 900 �C [42] and it is fed by hot air,

which is heated up to 200 �C thanks to the hot syngas. The air

flow rate is set in order to keep the experimental air/biomass

ratio reported in Ref. [25]. The products of the incomplete

combustion feed the “GASIFIC” block, in which the
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gasification reactions take place. This block is kept at 830 �C
[42] and it is also fed by the moisture released in the drying

zone, which reacts with unburned char and products of the

partial combustion. The solutionwithmoisture reacting in the

gasification zone gave good matching results with experi-

mental data. An alternative solution could be to direct the

moisture out from the reactor without participating to the

reactions, but it did not give satisfactory results. Both com-

bustion and gasification zones have been represented by the

ideal Gibbs reactors. The additional heat exchanger after the

air heater was added for a syngas temperature adjustment.

The syngas produced in the gasification unit is directed to

the SOFC and it is compressed by means the “COMP-1” block

up to 3 bar. Then the syngas is preheated by the recirculated

gas from the anode outlet. A pre-reformer is also present in

order to conduct further reforming and gas-shift reactions,

before entering the anode. The unreacted syngas is then

directed to a post-combustion reactor, which allows to in-

crease the fuel cell heat output. The cell voltage calculation

has been carried out according to the following equation

[43e46]:

V ¼ VN � VOhm � Va � VC (A.1)

where VN is the Nernst voltage, and VOhm, Va and Vc are the

ohmic, activation and concentration voltage losses. The last

equation allows to determine the polarization curves when

applied at different current density values. The terms of the

above equations, related to voltage losses, were calculated ac-

cording to equations available in literature for these tubular

SOFC systems [43e46]. Doherty et al. listed in detail the cell
Fig. A 1 e Simulation model of th
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geometrical parameters and materials properties used for

tubular SOFCdeveloped by Siemens [43]. The authors described

andvalidated thereplicatedSOFCmodel inapreviouswork [45].

The SOFC simulation model outputs are (i) the cell voltage

(0.744 V at 200 mA/cm2), (ii) the required hydrogen molar flow

(kmol/h) and (iii) the syngas molar flow (kmol/h). The last two

have been calculated according to the following equations:

nH2 ; in ¼ I$3600
2FUf � 1000

(A.2)

nFuelin ¼
nH2 ;in

xH2
þ xCO þ 4$xCH4

(A.3)

where nH2 ;in and nFuelin are expressed in kmol/h, while F and x

are the Faraday constant (C/mol) and the molar fraction of

gaseous components, respectively. In this work, the fuel cell

model was operatedwith a current density of 200mA/cm2 and

considering a specific active area of 0.0834m2/cell. The syngas

molar flow (nFuelin) was the input for a “design specification”

unit, available in the simulation software, which varies the

biomass flow rate until the specified syngas flow rate is

reached. The correct air/biomass ratio was secured placing a

calculation block before the air heater (AIRH block). Hence, the

air flow rate was determine by the following equation intro-

duced in the calculation air calculation unit:

AIR ¼ BIOMASS$2:56 (A.4)

where AIR and BIOMASS are the mass flow rates of air and

biomass, respectively.

The heat recovered from the SOFC unit was obtained from

the “RECHEAT” stream in Fig. A. 1.
e gasification-SOFC system.

industrial applications: Development of a simulation model for a
nergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2017.06.206

http://dx.doi.org/10.1016/j.ijhydene.2017.06.206
http://dx.doi.org/10.1016/j.ijhydene.2017.06.206


Table B 2 e Parameters used in Eq. B.2.
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Appendix B. TRNSYS model

In the present appendix, more detailed information on the

TRNSYS model will be given, including the types used, the

equations and correlations that have been implemented and

the parameters selected. For the equations that are not indi-

cated, the detailed description or solver routine can be found

in Ref. [52]. The time step chosen is 15 min.

Heat exchangers

All the heat exchangers have been modelled using TRNSYS

type 5, where the UA value is provided by the user and the

effectiveness is calculated for each configuration [52]. In the

present case, a cross flow mode with non-mixing streams has

been considered. The UA values for thewater recuperator from

SOFC has been considered equal to 500 W/K, while the distri-

bution of cold to the cooling loads has been considered through

a connection to a heat exchanger with UA of 1000 W/K.

Variable speed pump

Pumps have been modelled by means of Type3b as variable

speed pumps, that can provide any outlet mass flow rate be-

tween zero and a rated value. The mass flow rate provided by

the pump varies linearly with control signal. Efficiency of the

pump can be modelled by using a polynomial expression, but

in the present case only the first order coefficient has been

employed. A summary of the pumps, the nominal flow rates

and efficiency is given in Table B. 1.

Parameter Unit Value

a0 e 0.586

a1 W/m2K 1.485

a2 W/m2K2 0.002

Table B 3 e IAM for the solar collectors modelled.

Angle 10 20 30 40 50 60 70

Kqlon 1.00 1.00 0.99 0.98 0.97 0.94 0.88

Kqtran 1.35 1.17 1.25 1.20 1.22 1.15 0.83

Incident angle

modifier Kq

(40.2�/40.2�)

1.186

Table B 1 e Features of the pumps for the modelled
system.

Pump Nominal flow
rate [kg/h]

Power
consumption
at nominal [W]

Hot water outlet from SOFC 2000 300

Hot water outlet from

water recuperator

1000 300

Back-up boiler for water 500 500

Boiler for steam 3000 800

Solar loop (case 3) 1000 600

Hot water adsorption

chiller (case 1)

19,000 1000

Heat rejection adsorption

chiller (case 1)

25,000 1000

Chilled water adsorption

chiller (case 1)

17,000 1000

Heat rejection electric

chiller (cases 2 and 3)

25,000 1000

Chilled water electric

chiller (cases 2 and 3)

17,000 1000
Load to temperature

Since all the loads were available as a profile of instant power

needed for each hour, the interaction with the other compo-

nents of the system was realised using two types that allow

imposing the heating or cooling load on a fluid stream.
Please cite this article in press as: Palomba V, et al., Tri-generation for
gasification-SOFC based system, International Journal of Hydrogen E
For water flows, type 682 was used. In this type, the fluid

flow rate, heat capacity and the temperature in one point of

the fluid streamare specified as inlet, and the solver calculates

the outlet temperature as:

Tout ¼ Tin±
_Q
_mcp

(B.1)

The sign (þ or -) in the previous equation, depends on

whether the load is defined as heating or cooling.

The same principle is used for the steam loads, simulated

by means of type 605, which takes into account also the

enthalpy for the steam flow.

Evacuated tube solar collectors

In the layout from case 3, a 1000 m2 solar field has been

considered, made up of evacuated tube collectors. The per-

formance of a solar collector can be expressed as a function of

its average temperature as follows [53]:

Q
A

¼ G

 
a0 � a1

Tm � Tamb

G
� a2

ðTm � TambÞ2
G

!
(B.2)

Where Q is the power output from solar collectors, A is the

surface of the collector, G is the intensity of solar radiation, Tm

is the collector average temperature and Ta is the ambient

temperature. The parameters in the equation are summarised

in the table below.
Moreover, incident angle modifiers have been used to

describe the ratio of the efficiency measured at actual

admitted irradiance to vertical admitted irradiance.
Storage tank

Themodelled storage tank is a stratified storagewith heat loss

coefficient of 0.95 W/�C. An internal heat exchanger has been

considered for the connection of solar thermal circuit in case 3

and the connection of back-up boiler in case 1. For calculation

on the thermal storage system, TRNSYS routines divides the

tank into nodes and performs an energy balance on each of

them, as described in Ref. [52]. The volume of the storage tank

volume is 40 m3 for cases 1 and 2 and 50 m3 for case 3, chosen

in order to be able to store all the energy recovered from SOFC.
industrial applications: Development of a simulation model for a
nergy (2017), http://dx.doi.org/10.1016/j.ijhydene.2017.06.206

http://dx.doi.org/10.1016/j.ijhydene.2017.06.206
http://dx.doi.org/10.1016/j.ijhydene.2017.06.206


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 ( 2 0 1 7 ) 1e1 816
Re-cooler

The dry fluid cooler used is based on TRNSYS type 511, in

which the design conditions (flow rates and temperature) are

inserted as parameters, together with the desired outlet

temperature. The model, first uses design data to determine

the UA of the heat exchanger at design conditions, then cor-

rects design UA according to instant inlet conditions and

finally calculates the air flow rate required in order for the dry

fluid cooler to deliver the specified outlet liquid temperature.

A complete description of the mathematical model can be

found in Ref. [52], instead the features of the simulated re-

cooler, based on the specifications of a commercial unit, are

reported in Table B. 4.
Table B 4 e Parameters for the simulated recooler.

Parameter Unit Value

Design inlet fluid temperature �C 30.6

Design outlet fluid temperature �C 25

Design fluid flow rate kg/h 25,000

Design air flow rate kg/h 400,000

Rated fan power kW 5.4
Chillers

Both chillers (adsorption and electric) have been simulated

using a performance-map based approach. Such a perfor-

mancemap includes cooling capacity and COP of the chiller as

a function of temperature levels and, in the case of the electric

chiller, part load effect. The solver then reads the inlet con-

ditions and interpolates the data according to the ones sup-

plied by the user (without extrapolating them, in order to

improve the reliability of the model). In both cases, commer-

cial units have been considered:

- for the electric chiller, a 320 kW unit using R410A, with

rated COP of 4.5. The data to be employed in type 666 are

taken from the datasheet supplied by the producer.

- for the adsorption chiller, data measured at ITAE on a silica

gel/water commercial unit with rated power of 10 kW have

been used. As pointed out before, the rated power needed

for the cooling unit is 320 kW, while the one of the unit

measured at ITAE is only 10 kW. Therefore the scaling of the

chiller is necessary. Indeed, TRNSYS type 909 is intrinsically

built to fulfil such a need: for each experimental point, the

cooling capacity and COP are inserted as a fraction of the

nominal values. Consequently, when scaling the system, it

is sufficient to define the scaled nominal power and COP

and the solver's routine will take that into account. In

particular, as a result of the experiment, a nominal capacity

of 10.2 kW was defined, with a nominal COP of 0.6.
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