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10 Abstract

11 A promising way to increase the energy efficiency and redasts of biofuel production is to

12 integrate it with heat and power production in polygenerationsldiis study treats the

13 retrofitting of a Danish combined heat and power plant by iniegragnocellulosic ethanol

14  production based on wheat straw with the aim of minimizing pethanol production cost.

15 Previously developed and validated models of the faciktiesapplied in the attempt to solve the
16 design optimization problem. Straw processing capacities iratige of 5 kg/s to 12 kg/s are

17 considered, while plant operation is optimized over the wthrrespect to maximal income and
18 with the limitations that the reference hourly district hegproduction has to be met while

19 reference hourly power export cannot be exceeded.
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The results suggest that the specific ethanol production @sstised continuously from 0.958
Euro/L at a straw processing capacity of 5 kg/s to 1.113 Eata capacity of 12 kg/s, indicating
that diseconomies-of-scale applies for the suggested ethadoigion scheme. A thermodynamic
evaluation further discloses that the average yearlyggxadficiency decreases continuously with
increasing ethanol production capacity, ranging from 0.746 for S&@/'$96 for 12 kg/s. This
trend results from operating constraints that induce expeogemtion patterns in periods of high
district heating loads or shut-down periods for the combined hegtcamer plant. A sensitivity
analysis indicates that the found optimum is indifferent to maggations in fossil fuel prices. The
results question the efficiency of the suggested retrajigscheme in the present energy system, and
they further point towards the importance of taking operating condiinto consideration when
developing flexible polygeneration plant concepts as differencesbrtdesign-point operation

and actual operation may have a significant impact on oy#eait performance.

Keywords
Combined heat and power; design optimization; exergy effigidigniocellulosic ethanol;

operation optimization; polygeneration

Nomenclature

Latin letters

C Cost [Euro]

c Specific cost [Euro/GJ]

D Dimension [-]

EX Exergy flow [MJ/h]

ex Specific exergy flow [MJ/kg]
I Investment [Euro]
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M Mass [kg]

Mg Capacity power factor [-]

p Power production [MW]

Q Heat [MJ]

0 Heat flow [MJ/s]

Qruel Fuel input [MJ/s]

Vetn Volume ethanol production [L/h]

Greek letters

a Back-pressure operation parameter [-]

B Relative district heating production in the ethanol facflity
Neth Mass efficiency of lignocellulosic-biomass-to-ethanol cornverg]
Nex Standard exergy efficiency [-]

K Choice between integrated or separate operation [-]

A Combined heat and power unit load [-]

p Density [kg/L]

o Straw processing capacity of the ethanol production [kg/s]
Subscripts

add Additives

enz Enzymes

eth Ethanol

i Hour of the year

I Investment depreciation

0&M Operation and maintenance

ref Reference production
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0 Reference value

Abbreviations

AVV1 Avedgreveerket 1

CHP Combined Heat and Power

DH District Heating

L&D (Exergy) Losses and Destruction

o&M Operation and Maintenance

SSF Simultaneous Saccharification and Fermentation

1. Introduction

Biomass, being the only renewable resource of highly conceshttatbon, is often considered a
cornerstone in renewable energy systems because of &biktpiand potential conversability to
biofuels with high energy densities [1]. The biomass resourceg\wis limited [2], and
competition between food and energy production pose a sustainelditgnge [3]. Efficient use
and conversion of sustainably available biomass are thereforaaél importance in renewable
energy systems [4].

Among biofuels, ethanol is presently the most widely useddosportation on a global basis and it
is consumed both as an individual fuel and in blends with gas@]nEthanol produced from
lignocellulosic biomass is of special interest here becausay yield reduced C£emissions from
transportation without linking fuel prices and food prices dirddjyFurthermore, ethanol is a

bulk-volume chemical used in industrial and consumer products armtétiulosic ethanol
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presents a green chemistry’{@]ternative to the existing ethanol production from ethene tigdra
or through fermentation of sugars and starch [7]. However nigg intensive nature of
lignocellulosic ethanol production is a challenge with respectadygtion efficiency and

economy.

In an extensive work on the integrated production of biogas, heat amd paged on biomass
gasification, Gassner et Maréchal [8] concluded thaubkigilants may increase energy- and cost-
efficiency simultaneously by applying process systems enginespmgaches and by considering
integration with other processes in polygeneration plants (PSPsijarly, a promising way to
increase energy- and cost-efficiency of lignocellulosicrathproduction is to integrate it with heat
and power production [4]. Plants integrating the production of powat, hie-methane, and
lignocellulosic ethanol have been investigated by seveoabpgt both as grassroot design problems
and retrofit design problems. Regarding grassroot design prolibenanova et al. [9] and llic et al.
[10] both reported better energy economy for integrated PGPgarethto stand-alone production
of the same energy products, assuming constant energy priceéseoyear. Bosch et al. [11]
discussed how the energy economy of a system producing lignodeleiloznol, biogas and
district heating (DH) might be increased by integrating grogroduction. For a similar system,
Modarresi et al. [12] conducted a pinch analysis and reptitéddheat integration can reduce the
hot and cold utility demands by up to 40%, assuming operationigndesint solely. Leduc et al.
[13] conducted a sensitivity analysis of the important paraséte such systems in Sweden and
found that incomes from heat and power sales were the mostcsighdontributors towards

reducing the specific ethanol production costs. With regardrafitetd systems, Palacios-Bereche

! Green chemistry consists of environmental friendiystainable chemicals and processes the useidti vasults in
reduced waste, safer outputs, and reduced or etedrpollution and environmental damage [6].
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et al. [14] studied the integration of lignocellulosic ethanotpction in the conventional first-
generation sugarcane ethanol process and reported higher exmign®fffor the integrated
scheme when considering only design point operation. Lythckenkanget al. [15] investigated
the introduction of lignocellulosic ethanol production in an existomlaned heat and power
(CHP) and also reported higher exergy efficiencies for rated operation. In a study of
conversion routes for winter wheat to ethanol, Bentsen et@Isfiggested that energy savings
could be achieved by integrating lignocellulosic ethanol productiexisting CHP units. Starfelt
et al. [17] investigated the integration of lignocellulogttagol production in an existing biomass-
based CHP unit in Sweden and concluded that for the same poodefcheat, power, and ethanol,
the total biomass consumption would be lower for the integrgttdma than for a separate scenario.
And in a later study, Starfelt et al. [18] concluded thatihtegration of lignocellulosic ethanol
production in Swedish CHP units with fixed heat-to-power ratiag be profitable if excess heat
capacity is available in the CHP unit for a certain amoditime over the year.

In principle, the development and optimization of PGPs cambsidered at three levels, similar to
the optimization of energy systems [19] and distributed engrgply systems [20]: Synthesis level,
design level, and operation level. At the synthesis lelvelconfiguration of the PGP is optimized
by either retrofitting an existing plant (retrofit design)grdeveloping a new plant concept
(grassroot desigh)which entails the selection of the desired products and gseseAt the design
level, one considers process dimensioning, process integratiuied components, and technical
specifications of the equipment. Finally, at the operation,léve operation mode of the given
plant is optimized in the surrounding energy system; this is bpteking expected demands for,

and costs of, energy services and utilities into accounelss interactions with other energy

2 A grassroot design i priori always a solution to a retrofit design optimizatjgroblem [20].
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producers in the system. The operation level is espeanaigritant for flexible operating PGPs, e.g.
those set to balance production from intermittent renewablgyreurces [21] whenever
economically advantageous [22]. Optimization on operation legebken investigated in literature
for polygeneration plants producing power, heating, cold and Wastr, e.g. in a sequential
optimization methodology presented by Uche et al. [23]. Grisi. §24] further illustrated how
commodity market prices may affect operation decisions ugarsane biorefinery producing
power, sugar, sugar- and bagasse-based ethanol, and biogaseHaoovthe authors’ best
knowledge the impact of flexible plant operation on economi®pegnce has not been treated
comprehensively in previous studies of the integrated produstipower, heat, and lignocellulosic
ethanol.

This study assesses the impact on economic and thermodynarortn@erée of integrating
lignocellulosic ethanol production with flexible heat and power producliba.study treats a

retrofit design problem where lignocellulosic ethanol production uke¢nydrothermal
pretreatment technology IBUS [#5% sought integrated into the Danish CHP unit Avedgrevaerket 1
(AVV1). The system has previously been studied by the authothamiditcomes suggested that
operating conditions may have a significant impact on both ecorigshand overall exergy
efficiency [27] [15] of the ethanol production. This work builgsn the previous study by
optimizing the PGP at design and operation levels and simalialyeattempting to minimize the
break-even specific ethanol production costs. For each@ohatithe design problem, the
thermodynamic performance of the ethanol production is furthéwaged by applying exergy

analysis [28] and calculating the average exergy efficieftlye ethanol production over the year.

% IBUS (Integrated Biomass Utilization System) isaented cellulosic biomass pretreatment technol®gg patent is
owned by the Danish company Inbicon A/S, a subsid@ DONG Energy.
7



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

In this paper, the modelling approach and outcomes of previoussstudigiven in Section 2. The
design optimization scheme and the thermodynamic performanicegéma method are presented
in Section 3. The outcomes are presented in Section 4 andskscin Section 5. Finally, Section 6

contains a conclusion of the findings.

2. System description and previous work

2.1. System description

The design optimization problem treated in this study concernstégration of lignocellulosic
ethanol production based on IBUS technology in the existing Danishicedhheat and power unit
Avedgreveerket 1. A simplified layout of the PGP is present&iure 1. A thorough description
of the plant synthesis and modelling, including choice of pedon®a parameters and modelling
validation, is presented in Lythcke-Jgrgensen et al. [15].

Avedgreveerket 1 (AVV1), which was commissioned in 1990, has elewric power generation in
condensation mode of 250 MW, and of 212 MW in full back pressure madeawiistrict heating
(DH) production of 330 MJ/s (drive temperature/return temperat®3C/5FC) [29]. Part-load
operation in the CHP unit is governed by sliding-pressure cor@@d! A numerical model of
AVV1, developed by Elmegaard and Houbak [29] in the energyemsysimulator Dynamic
Network Analysis [31], was used for simulating flows and opematif the CHP unit.

An ethanol production facility based on IBUS technology produces ligntxsc ethanol, solid
biofuel, and molasses from wheat straw. In the faciiitg,lignocellulosic structure of the straw is
broken down through treatment with pressurized steam in the hydnathgretreatment stage,
whereupon the straw-steam mixture is split into a fibetibm@nd a liquid fraction. The fiber
fraction is liquefied by glucose-forming enzymes before fetatem is initiated in simultaneous

fermentation and saccharification (SSF) tanks. Ethanoltifletisrom the resulting fermentation
8
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broth, leaving a fiber stillage which is treated in was separation stages alongside the
pretreatment liquid fraction, yielding a solid biofuel fraatia molasses fraction, and a waste water
fraction. The molasses fraction can be used in anaderientation to produce biogas [12] or as
animal feed [32], while the solid biofuel can be used for cotitiusr gasification. A model of the
ethanol facility based on heat and mass balances oueoeHte system processes was developed
in the software Engineering Equation Solver (EES) [33] usiadayout reported by Larsen et al.
[32] and Ostergaard Petersen et al. [34]. The flows of wemksenzymes were neglected in mass
balance calculations as they were found to be insignifiddret.mass conversion efficiencies for the

ethanol facility products are presented in Table 1.

2.2. Outcomes of previous work

In the previous studies of the polygeneration plant, a fixeilgnl@gs applied to the system in
which the ethanol facility was dimensioned to process alllipavailable winter wheat straw
within a distance of 50 km from the plant, yielding a stra@cessing capacity of 6.22 kg/s all year
round. Because of load transition times of more than 180 hoting iethanol production facility
[34], load changes and stop-and-go operation were not considerdtefaasl full-load operation
was therefore assumed for the whole year. As the CHRvasibperated according to flexible
power and heat demands, the ethanol production in the PGP couldibéworways: Integrated
mode or separate mode. In integrated mode, steam extremteturbines of the CHP unit was
used for covering the hot utility demand of the ethanol fgciluring integrated operation, DH
production from the IBUS facility was prioritized over DH prodoctfrom the CHP unit. In
separate mode, a natural gas boiler with a first law eredfigyency ofn, .- = 0.96 [35] was
used for generating the steam required by the ethanotyaaiid DH production in the ethanol

facility was not considered. The principles of the two PGP diparenodes are outlined in Figure 2.
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In Lythcke-Jgrgensen et al. [26], a combined pinch analysisaj3bexergy analysis [28] was
carried out to identify the minimum hot and cold utilityrt#nds in the ethanol facility as well as
the steam extraction pattern with the lowest exergy desirudtiring integrated mode operation. A
10K pinch temperature difference was used, as suggested byrbkidd al. [12] for a similar
facility. The resulting specific hot and cold utility demarathd power consumption of the ethanol
production per kilogram of biomass treated are presented ie Zabl

As regards existing steam extraction points in AVV1 only apgmal integration solution involved
steam extraction from the points marked (A), (B), and ti@®igure 1. The thermodynamic states of
steam in the three points are summarized in Table 3. Stedmdrothermal pretreatment was
extracted from node (B) in AVV1 at CHP loads above 0.6, eord hode (A) at CHP loads below
0.6. The steam for hydrothermal pretreatment was conditiortbé imeat integration network to
meet the exact temperature and pressure requirementshyidifethermal pretreatment component,
195C and 13bar [37]. Heat released from steam conditioning veakiniernally in the ethanol
facility. The remaining hot utility demand of the ethanol facivas covered by steam extracted
from node (C). Condensate from the heat integration networkyslegl to the condenser of AVV1
where additional desalinated water is added to compemsdteefloss of steam to the hydrothermal
pretreatment. Cooling in the heat integration network is geal/by sea water and by DH water
when DH production is activated in the ethanol facility.

The energy economy of the PGP was evaluated in Lythcke-Jgrgenal. [26]. Considering the
PGP as a substitute to AVV1 in the existing Danish energfggyand assuming hour-wise quasi-
static operation, the plant was set to produce the same howlynés of heat and power as the
CHP unit delivered in 2011, the chosen reference yearr&epgperation occurred in periods with
high power demands where steam extraction for driving th@eltpaoduction was not available

and in periods where the CHP unit was shut down. The resglgested that on an average the
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specific energy cost for the ethanol production could be moresighhtimes higher during
separate operation than during integrated operation, anidl imght be economically advantageous
to optimize the operation pattern of the PGP towards a lahgation of integrated operation. A
scatter distribution of the hour-wise quasi-static operationtp®or the reference operation is
presented in Figure 3. It should be noted that separate opesatiurred for 2060 hours of the year
due to CHP shut-down.
Two other studies by Lythcke-Jargensen et al. [27] [15] iny&t&td six different operation points
for the reference PGP and found that within these, the exeé#figiency of the ethanol production
varied from 0.564 to 0.855. The highest exergy efficienag wbtained for integrated operation
with full DH production in the ethanol facility and lowest possilolad in the CHP unit, while the
lowest exergy efficiency was obtained for separate dpetakhe reason for the large differences in
exergy efficiency was primarily the fact that in intetgd operation, low-quality steam was used as
the heat source, while natural gas with a much higher exerggergy ratio was used in separate
operation. These results suggest that integrated operatioh e desirable from a thermodynamic
efficiency point-of-view as well.
In summary, the previous work on the polygeneration plant suggésteidtegrated operation was
advantageous compared to separate operation for the folloveisgne
= Energy cost of the ethanol production might be significantiuced during integrated
operation [26].
= The exergy efficiency of the straw-to-ethanol conversionmarkedly higher for integrated
operation [27] [15].
= Integrated operation made it possible to run the CHP witeri@ewer production ratios,
which could be advantageous in periods of mandatory DH productioowrald negative

power prices [26].
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The present study seeks to quantify the impact of the sugdestefits by optimizing the design

and operation of the suggested PGP concept.

3. Design optimization methodology

The pre-synthesized PGP is optimized simultaneously aefigrdand operation levels with the
objective of minimizing the break-even specific ethanol productost. Furthermore, the yearly
average exergy efficiency of the ethanol production is cakulifatr each solution to the

optimization problem in order to evaluate the efficiencyhefeéthanol production.

3.1. Economic data

Average costs of the energy commodities coal and gaslweeference year 2011, including
overhead costs, are summarized in Table 4. Informatioheomarket power price in the Denmark
East block for each hour of 2011 was taken from the Nord Pool Sfadiate [38]. A scatter
distribution showing the maximum, minimum, and average daily ppviees is shown in Figure 4.
The average daily power price ranges from 0.153 Euro/kWh to @8aiZkWh, while the hourly
power price ranges from -0.368 Euro/kWh to 1.902 Euro/kWh. Thegesgrearly power price was
0.494 Euro/kWh.

Costs associated with the production of lignocellulosic etharfull scale facility using IBUS
technology, which means a straw processing capacity ra@00ftons/day or 11.57 kg/s, were
estimated in a feasibility study by Larsen et al. [32]. Vhleies from the feasibility study were used

as reference values in the present study and are summiarikable 5.

3.2. Optimization model description
As far as board decisions and substantial investments are wedctre main parameter for

evaluating a lignocellulosic ethanol production facility is ineak-even production cost per liter of

12
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ethanolc,;;, [32]. The objective of the optimization problem is to miizier,,, as perceived by
the plant owner by varying the design and operation of the plaatspecific ethanol production
cost is made up of seven cost components: Specific costdarcty.,.,; specific investment
depreciation cost;; specific operation and maintenance (O&M) caests,; specific cost for
enzymes,,,; specific cost for additives, 44; specific energy costs,.r4,; and specific incomes

from sales of molasses and solid biofug),.

Ceth = Cstraw + Cr + CoaM + Cenz + Cadd + Cenergy — Csales (1)

3.2.1. Decision variables

At design levelthe previously found optimal integration design [26] with resfmesteam
extraction pattern is kept, while the straw processinga#pof the ethanol productianis varied.
The straw processing capacities investigated were sahg¢e from 5 kg/s, being slightly smaller
than the capacity of the ethanol production in the refereyaters, to 12 kg/s, which is about the
size of a full scale IBUS ethanol production facility, as reggbby Larsen et al. [32]:

o € [5,12] 2

At operation levelfour decision variables are considered for each opetabion: The load of the
CHP unit4;, which can be 0.0 or within the range [0.4; 1.0] [29]; thekbpressure operation
parametety;, which can be varied within the range 0 to 1, witke@resenting condensation mode
operation and 1 representing full back-pressure operatioreldiese production of DH in the
ethanol facilityg;, which can be varied from 0 to 1; and, finally, a dummwpueater describing the
choice between integrated and separate openatidaking the value 1 for integrated operation and
0 for separate operation.

0.40 < A; < 1.00 (3)

0.00 < a; < 1.00 (4)

13



290 0.00<B;<1.00 (5)
291 x; € {0,1} (6)
292 No DH production from the ethanol process is considered duringasemgeration, hence:

293 B,=0 |x; =0. @)

294  3.2.2. Constraints

295 As in the previous studies, the plant is seen as a subgttdivVV1 in the present Danish energy
296 system. As a consequence, two operation constraints weRegat.ding DH production, which is
297 subject to strict legislation, the PGP was set to dethveisame hour-wise amount of h@abver
298 the year as the CHP unit produced in the reference oper@tiQp;

299 Qi(o, 4, a;, B ki) = Qiges Vi (8)

300 With regard to power exporfs, the plant is allowed to reduce its export in a given hour coedpa
301 tothe reference power expdit..r as back-up capacity is assumed available in the grid. Hawev
302 the plant is not allowed to exceed its reference power expanyimour as it is uncertain whether
303 or not there would be buyers for the extra power in the gtigdeagiven price.

304 Pi(0,4; @, Bi ki) < Pirep Vi 9)

305 Full hour-wise operation flexibility is assumed for the plant,olvlmeans that the choice of

306 parameters in an hodr- 1 is independent of the choice of parameters in the preceding.hour

307 3.2.3.Model equations

308 The cost for straw,;, 4, depends on several factors, such as cultivation soil typp,type,

309 irrigation, farm size, transportation distance, production {gpganic or non-organic), etc. [39].
310 Especially transportation costs are relevant if one considaesmaprocessing locally distributed
311 biomass. However, as the plant in question is locatediodixe sea on one side and the city of

312 Copenhagen on the other, straw would most likely have tmperted from other regions, and

14
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transportation costs are therefore assumed to be independemtpobtessing capacity of the
ethanol production. A study by the Danish Energy Agency, Ea Emailgse, and Wazee [39]
estimated that the total cost of strw,,,, for energy purposes in Denmark in 2011 was in the
range of 48.6-52.5 Euro/ton. To represent the expected highgpdréation costs from importing
straw from the countryside, the highest straw pric€gf,,, = 52.5 Euro/ton was used in this
study. The specific cost of straw per produced litettlvdeolc,,,.,,, Was calculated according to

the following equation:

__ Neth
CStTaW - Peth CStTaW (10)

In this equationy,;, is the mass-based conversion efficiency of strawhanet in the PGP, as
presented in Table 1, while,,, = 785.5m3/ton is the ethanol density taken from the software
Engineering Equation Solver (EES) [33] for a temperature & &Bd a pressure of lbar.

The specific depreciation cost for the ethanol productigns assumed to be derived from a fixed
annual depreciation rate, which is directly proportional to thestment cost of the equipment. It is
common to apply power laws [40] to calculate the investmestt €D) of equipment as a function
of the equipment dimensiadm:

1(D) = I, (DEO)Mf (11)

In the equation, is the investment in a piece of equipment with the baserdionD,, andM; is
a scaling constant that depends on the type of equipment. Assuntiag#pmcity power law
exists for the entire ethanol facility with a scaling conisté,, the specific depreciation cost for a

facility of capacityo, c;(0), is calculated using the following relation:

a(0) = (D) e (2) @2)

[40]
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Here,c; o is the reference depreciation cost presented in Tables,a= 11.57 kg /s is the
reference straw processing capacity. In this studyalengoconstant oMy = 0.7 is used, as
suggested by llic et al. [10] for a similar facility.

Similar to the calculation of the investment, a cayguower law relationship with the same scaling

constantV, is assumed to apply when calculating the specific O&M, cggl;:

My

Cogm(0) = (%) Co&M,0 (Uio) (13)

In the equationgygy o is the reference O&M cost associated with a facilityhef sizes,.

The specific energy cost of the ethanol productigg, 4, represents the extra energy costs from
operating the PGP compared to the CHP over the refeyeacedivided by the PGP ethanol
production. It consists of three components: Specific cost af &P fuel (coalys,.;, specific
cost of natural gas; s, and specific cost of poweg,ye,:

Cenergy = Cfuel T Cgas T Cpower (14)

Incomes from DH sales are not associated with the etipaodiiction as the PGP is set to deliver
the same amounts of heat on an hourly basis as the CHR thetrieference year. Furthermore,
costs for external cooling are negligible because of the @aadiability of sea water.

The CHP fuel cost for an hotircs,,; ;, is calculated as the difference in fuel cost between the
chosen operation and the fuel cost for the reference operation:

(quel,i(li) —quel,i,ref(/li,ref))'ccoal
Veth

Cruer,i(A;) = (15)
Here,A; s is the reference CHP unit loa@y,.,; ; (4;) is the actual fuel consumption of the CHP
unit, quel_i_ref(li,ef) is the reference fuel consumption of the CHP uit,; is the specific coal

cost as given in Table 4, aifg,, is the hourly ethanol production volume calculated as

Voen = 0 - 2236005 /h (16)
Peth
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356 Natural gas is consumed only during separate operation. Thefeadtiral gas in an houis a

357  function of the straw processing capaeifyand the choice of integrated or separate operation

358  cngilo, k) = (1 — k) - [U (M) : CNG] (7)

Nboiler

359 Here,qsteam + dnear 1S the total specific heating demand of the ethanolifgail;, ;e = 0.96 is

360 the thermal efficiency of the natural gas boiler agglis the specific cost of natural gas, as given in
361 Table 4.

362 The specific cost of powet,,,., represents both the cost of buying power for running the ethanol
363 production during separate operation and the costs of lost poegiirsantegrated operation when
364 the power exports of the PGP are lower than the referencer goyorts of the CHP unit. The

365 specific cost of power in an holjrc,oyer, is calculated as

[(Pi,ref_Pi(J:Ai:aiﬁi:’ci))+Ki'Peth(0")]'Cel,i
Veth

366 Cpower,i (U' Ai' a;, .Bi: Ki) = (18)

367 Inthe equationp; . is reference power production of the CHP uRjiis the power production of
368 the PGPP,, (o) is the power consumption of the ethanol production,cgnds the power price in
369 agiven hour.

370  Using equation (14), the specific energy cost in a given hayk.,4,,i, is then calculated

371 according to the following equation:

(Ai_li,ref)'Qnom'Ccoal steamtQheat
372 Cenergy,i(0, A, @, Bi ki) = " +(1—k;)- [0 (— cd ) : CNG] +
eth Nboiler

373 [Pirer—Pi(o.AuaiBik))] Ceri (19)

Vetn

374  The yearly average specific energy agst.,4, is calculated as

28:7?0 Cenergy,i(o'vlivaivﬁi:’ci)
375  Cenergy(0, 4, @, B, k) == 0 (20)

17



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

For the specific ethanol production costs, it is assumedhbapecific cost for enzymes,,,
additivesc,;4, and the specific incomes from by-product salgg, are independent of the ethanol
facility capacity and operation of the CHP unit. Theerehce values presented in Table 5 are used

for these parameters.

3.2.4. Objective function minimization
Given the equations (1)—(20) for costs and variable constrtietepjective function, which is the

break-even specific ethanol production cost, is defined as

Mg

M
__ MNeth a f o
Ceth (J: /1' a, ,8' K) - Deoth Cstraw + CI,O (0—0) + CO&M,O (0—0) + Cenz + Cadd — Csales +

Cenergy (U' /1: Q, .3' K) (21)
The optimization problem can then be formulated as

rmino’,ﬂ,a,ﬁ,x [Ceth (0! /L Q, ﬂ! K)]
subject to constraints:
equations (7), (8)
with variables:
o; € [512]; a,p €[0.0,1.0]; A€ [0.4,1.0]
k € {0,1}

(22)

Solving the optimization problem (22) will result in the lowpassible break-even specific ethanol

production cost for the treated PGP under the set conditions.

3.2.5. Linearization

As the PGP unit model is non-linear, the optimization problemi{&2pmes non-linear. To
simplify the calculations, a piece-wise linearizatiorih& model for the integrated PGP operation
was introduced. The non-linear operational range of the refeR&BPe with a straw processing
capacity ofo,.; = 6.22 as described in Section 2, is presented in Figure Ssiarkey operational
points are indicated. The operational characteristics ofxHeg operation points are described in
Table 6.
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415

The difference in power exports between points (1) and (ajireet consequence of the extraction
of steam and the consumption of produced power to run the ethailif faéntegrated mode. As
the steam extraction and power consumption are both linear funofitimes ethanol facility

capacityo, the difference in power yield is assumed to be a liesation ofe as well:

Pi(o) =P, + aw =2493—-354 -0 [MW] (23)

Point (2) relates to point (a) in the sense that the CHRsuojterated in the same way, but with the
difference that full ethanol DH production is activated. Tteximum DH production from the
ethanol facility is a linear function of the straw processeyggcitys, and the reduced power

production potential is assumed to be a linear functianas well:

02(0) = ¢ BEE2L = 1307 -5 [M]/s] (24)
ref
> D (PZ,PGP,ref_pa) _
Py(0) = Py + 0252 = 2493 ~3.99 ¢ [MW] (25)
ref

Point (4) relates to point (c) in a similar way as (&), while (3) relates to (b) and (6) relates to
(d). Using the same approach for these points, the followingoms$atere obtained for heat and

power yields in each of the points as a function:of

03(0) = 0, + a@%ff‘@b) — 332941000 [M]/s] (26)
Py(o) =Py + aw =216.0—3.06-0 [MW] (27)
0.(0) = Q. + aw =163.1+230-0 [M]/s] (28)
(o) = B, + a%ff"’) —863—186-0 [MW] (29)
0s(0) = Q. + aw =163.1-892-0 [M]/s] (30)
Ps(c) =P. + a“'“”‘jf—fﬂ =863—-1.68-0 [MW] (31)

ref
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433

Po(o) = Py + g Leretrerd) _ 4049 _240.4 [MW] (32)

Oref
It is furthermore assumed that for a PGP with straw prowesapacityo, the maximum and
minimum potential power productions in integrated operafigp, andP,,;,, are piece-wise linear
functions of the heat productighbetween the key operation points according to the following

relations:
Bi(0) + 0 (22=22) | 0 €[0:(0),0,(0)]

Po(0) + (0 = 0:(0)) (22=22) | ¢ €]02(0),03(0)]

Pmax(Q: J) =

QS(U)—Qs(U)

Puin(0,0) = { P5(0) + (0 = 05(@)) (£2=23) | 0 €]05(0), 0u(@)] (34)

Pi(0) + (0 (@) (F2=22) | ¢ €]04(0), 05(0)]

(Po(0) + ¢ (35-22) | @ €[Q6(0), 05(0))]

Evaluating the piece-wise linearized model (23)-(34) for thE R@h the reference straw
processing capacity, the deviation of the power values battheeey operation points was found
to be in the range of -0.69% to +0.77% when compared to the mear-thermodynamic model.

The loadi of the CHP unit on the line between the points (3) anth(Bjgure 5 is seen as a linear

function of the heat productiap as well:

20)=1+(0- Qg(a))(”#@ = (020@) 6 ¢ [0.(0),05(0)]  (35)

0()-05(0)  (0a(0)~0(0))
The linearization (35) was found to have an accuracy of -0t6@®% as compared to the non-
linear thermodynamic model.
Finally, the fuel consumption of the CHP unit as a function ofdhé4, Q. (1), was linearized
using the linear trendline-function in Microsoft Excel:
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434  The coefficient of determination for the approximated equa86éh\as found to be 0.9998 when
435 compared to the fuel consumption predicted in the thermodyrmaode! of the CHP unit.
436  Applying (23)-(36) and taking the optimization constraints intaant, the optimal operation

437 solution space is reduceadoriori to the following four operation points for each hour.

438 1) Integrated operation with maximum power delivery
439 2) Integrated operation with minimum power delivery
440 3) Separate operation with maximum power delivery

441 4) Separate operation with zero CHP load

442 The reasoning is that under the given assumptions, separatéarpsradvantageous only when
443 the cost of lost power sales is higher than the cost of ng@asgbr running the ethanol production.
444  However, for the 2060 hours during which the CHP unit was shut dote ireference scenario,
445 the PGP is forced to operate in separate mode as wedn Wtegrated operation is advantageous, it
446 s either optimal to maximize or minimize power production, ddpey on whether income from

447 power sales is higher or lower than the cost for CHP fuel.

448 3.3. Thermodynamic performance evaluation
449 The thermodynamic performance of any design solution is evalbgtealculating the average

450 yearly exergy efficiency,, of the ethanol production:

8760

451 g, ===l (37)

452 Ineq. (37)7.x,i is the hour-wise exergy efficiency of the ethanol productismg the exergy
453 analysis method described in Lythcke-Jgrgensen et al. [15hkarlating exergy contents of the

454  flows in the ethanol production, the hourly exergy efficienaaisulated as

ZEX roducts,i
455 Nex,i = ZPT:“-t (38)
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HereY, EX;,; is the sum of exergy contents in the power and naturairgeeam into the system
over the hout. ), E'Xpmducts,i is the sum of exergy contents in the products delivered ovéotire

i, be it ethanol, molasses, solid biofuel, or, potentiallstridi heating. The calculated exergy
contents of biomass flows per kg of biomass treated andéngyecontent of the natural gas flow
during integrated and separate operation are presented in Table 7

The exergy content of the steam extracted from the CHRlunitg integrated operation depends
on the chosen operation mode according to the decision vafaples B;, k;}. The exergy content
of the extracted steam in a given h@i;..,,; was calculated directly in the PGP model, and the
corresponding specific exergy content per kg of straw treatggl,,,, ; was calculated using the
following equation:

EXsteam,i(livaiﬁi:Ki) (39)

g

exsteam,i(;ti: a;, .Bi' Ki) =

4. Results

4.1. Cost minimization

When solving the optimization problem (22), the specific ethanol priatucost obtained is

plotted as a function af in Figure 6 together with four of the key specific cost ponents:

Specific energy costs, specific straw cost, specificMO#sts, and specific investment depreciation
cost. The lowest specific ethanol production cqgf, = 0.958 Euro/L, was obtained for =

5kg/s. The specific energy cost, on an average 0.517 Euro/Ltlbestear for this solution, was
found to be the largest single post in the total specific etlpmadlction cost. Average specific
energy costs were found to be 0.213 Euro/L during integrated imoeaaid 1.192 Euro/L during
separate operation for the optimal solution, underlining the econpefficiency of the separate

operation. Comparing these costs to an average ethanol plicssdEuro/L on the European
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market in the period 2008-2010 [41], the results suggest thatlev@ptimal design is
uncompetitive, mainly due to the duration of separate operation.

An important outcome of the study is the diseconomies-of-scalé tihat is found to apply for the
ethanol production costs, which is in contrast to the commongpéed economies-of-scale
principle. In the present case, the diseconomy-of-scale ilglirelated to the energy costs of the
production whose increase with increased capaoityceeds the capacity-dependent decrease in
specific investment costs and O&M costs, as shown in Figure

The increase in specific energy costs witlvas found to be a consequence of changes in the
operation pattern. Figure 7 shows the optimal operation chasticof the solutions as a function
of o, and it is seen that the duration of separate operatoeases with increased This effect was
caused by high power prices and the reduced power production dalaritig integrated

operation with increasing, causing the cost of lost power sales to exceed the castrohg the
PGP in separate operation for an increasing amount of hoershavyear.

In Figure 8, this effect is further highlighted by plotting tenponents of the specific energy cost
as a function o#. It is seen that the specific costs for power and gas isedeaith increasing
because of the longer duration of separate operation, causiogettadl specific energy costs to
increase. The specific coal cost is seen to decreitisencreasead owing to the decreased duration
of integrated operation.

Another significant outcome with respect to operation isdteduration of integrated operation in
minimum load. As described in Section 2.2, one of the ttssgnaed advantages of the integrated
system was the potential of reducing power production in perigddow or negative power prices.
However, in the East Denmark power block anno 2011, the sototitie optimization problem
(22) found it optimal to use this advantage for only 104h overdhe ¥or the rest of the integrated

operation points, the economical optimization maximized the ppreeiuction within the set
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502 operational constraint (9). This is further evident from tlatecdistribution of the optimal quasi-
503 static hourly operation points for the solution witl= 5kg/s shown in Figure 9, where only a few
504 of the optimal operation points are found on the lower boarder éddlséble operation range. The
505 main reason for the short use of this advantage is the lovpoaland the resultant low break-
506 even electricity production cost in the CHP unit, making@n®mically unattractive to minimize
507 power production unless power prices are very low. What isdurtorth noticing in Figure 9 is the
508 gap between the upper boarder of the feasible operation ranigeefpated operation and the

509 separate operation points. For the reference operation poiatedda this gap, the optimization
510 found that the costs for sustaining integrated operation in tefrfost power sales were lower than
511 the corresponding energy costs for running separate operation,itkegcated operation was

512 preferred.

513 4.2. Thermodynamic performance

514 The exergy efficiency for the ethanol production in each obgieration points over the year was
515 calculated. Results for selected operation points are peesentable 8.

516 Itis seen that the exergy efficiency of the ethanol produddisignificantly higher for integrated
517 operation than for separate operation, mainly owing to thalatsteam from the CHP unit is
518 replaced by natural gas, with a very high exergy-to-enextiyy, as the hot utility source during
519 separate operation. Furthermore, the results suggest tleadettyy efficiency is higher when full
520 district heating production is activated in the ethanolifadiecause the exergy content of the
521 waste heat from the processes, which would otherwise b@lestdrnal cooling, is contained in
522 the product ‘district heating'. Finally, the exergy efficigneas found to increase with reduced load
523 1; in the intervals 0.4-0.6 and 0.6-1.0. The reason fomnttreased efficiencies with reducggdis
524 the fact that the exergy content of the extracted stksmeases with decreaskdas indicated by

525 the values in Table 3. At loads below 0.6, the steam ia@®t in a different pattern than for loads
24
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of 0.6 or higher in the CHP unit, as explained in Sectjaradsing the break in the exergy
efficiency trend at this point.

The yearly average exergy efficiency of the ethanol pric@lu¢or the optimal operation pattern as
a function ofo is plotted in Figure 10. The average exergy efficiaadpund to decrease with
increased, mainly owing to the increased duration of separate tpard he highest yearly
average exergy efficiency gf; = 0.746 was obtained for the optimal operation pattern for

o =5kg/s.

A Grassmann diagram illustrating the yearly averageggXows in the ethanol production for the
optimal solutiong = 5kg/s is presented in Figure 11. It is seen that the maihqgd exergy losses
and destruction (L&D) occurs in the heat integration netywatkch is mainly caused by two
factors: The use of high-quality natural gas as heat soussparate operation and the fact that
waste heat is not always used for DH production.

Evaluating the simulation results for the optimized solutionghandnteresting outcome was
found with respect to thermodynamic performance of the PGPin€hease in CHP coal
consumption in MJ/s during integrated operation was lowerttt@anergy in the extracted steam
in MJ/s to run the ethanol production when DH production wasadetivin the ethanol facility. The
cause of this phenomenon was the DH production from waste Hbatethanol facility: It allowed
the CHP unit to reduce the steam extraction from turbinesHopiduction without
compromising the total DH production, thereby allowing higherl¢eoEpower production in the
CHP unit. A similar phenomenon was described for an analggtens by Starfelt et al. [17]. This
suggests that not just the exergy efficiency, but also thelbeaergy efficiency is higher for the

integrated production of lignocellulosic ethanol.
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4.3. Sensitivity analysis

As several of the cost values are based on assumptions or appiandna sensitivity analysis was
carried out for nine parameters in the optimal solution inrdal@gvestigate the impact on the
production cost of the break-even specific ethanol production dusteBults are presented in a
spider plot in Figure 12.

It is seen that variations in straw price, natural gagpéand the value of the sold by-products will
have the highest impact on the specific ethanol production @it¢he other hand, it is also seen
that the break-even specific ethanol production cost is hdifdlsted by variations in coal price.
What is further of interest is the fact that an increagbe power law scaling constant will reduce
the specific ethanol production cost because the capacity of theabptlution is smaller than the
reference capacity; a higher capacity power factor witetioee limit the increases in specific costs
for O&M and depreciation for the smaller facility.

Although having the highest impact on specific ethanol production, ¢bststraw price does not
affect the optimal dimension of the ethanol facility, as kept constant. Furthermore, as seen in
Figure 6, O&M, investment and depreciation costs were Igegisant than specific energy costs
when determining the optimal dimension. As historical datee used for power price and heat
demand, it was investigated if changes in the assuna@d natural gas prices would affect the
optimal dimension. However, varying the value of eaclhefgarameters from 0% to 1000% of the
assumed value, the optimal design remained unchanged. Thessutitat the diseconomy-of-scale

trend identified prevails even in case of major changésel costs occurred.

5. Discussion

For the PGP treated in this study, integrated operatioriouasl to be advantageous when
compared to separate operation as it achieved a lowefispeergy cost, a higher first law energy
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efficiency for the entire PGP, when district heating produatias activated in the ethanol facility,
and a higher ethanol production exergy efficiency. These outcdhoesrply with results reported
by other studies on integrating lignocellulosic ethanol in CHP .uké® consequence, the expected
long duration of separate operation over the year even for teabsiblution poses a major
challenge for the ambition of reducing the costs of lignoamlalethanol production by integrating
it with the CHP plant. The duration of separate operationtineyear was found to increase with
increased straw processing capaocityf the ethanol facility, resulting in a diseconomy-of-scale
trend for the suggested integration scheme. This trendawsed by the reduced power production
potential with increased for integrated PGP operation, often making the cost bploser sales
exceed the costs of the inefficient separate operation.

For the optimal solution, separate operation occurred for 2718hhmvgear, of which the 2060h
were caused by CHP unit down-time. The simplest way toaserthe duration of integrated
operation would be to reduce the duration of CHP unit down-time.W¥h#iis is feasible for the
given CHP unit is uncertain, but in general it underlinesrtportance of considering integration
availability when integrating biomass-conversion processes i @tits, a topic also discussed by
Kohl et al. [42]. It should be mentioned here that the choicefefence year has a significant
impact on the outcomes, as abnormalities in the choseemeteyear affect the overall evaluation
results. Whether or not 2011 is suitable as a referencdorgie suggested polygeneration scheme
should be investigated further before any final conclusiorbeastrawn with respect to the
competitiveness of the suggested scheme. For instande]t®thal. [18] considered a down-time

of only 326h for a CHP unit in their study, which however wastte producer of heat in a local
district heating network. Opposed to this, AVV1 competes withrdtlat producers in the greater
Copenhagen district heating network, so the prolonged down-time loe@adesult of economic
decisions. If so, the decisions may have been altesttiahol production had been integrated in the
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CHP unit, which would have provided different options for optimizingajpen economy in
otherwise unfavourable market conditions, e.g. by minimizing ppvegtuction while sustaining
integrated mode operation.

When conducting the optimization on design and operation levelasiagsumed that the ethanol
production was to be sustained at full load all year round. Hemveéumight be possible to reduce
the duration of separate operation if the load could bed/ar the ethanol production, or if the
straw pretreatment could be performed in batches. This wdald imtegrated operation during
periods of lower power demands and no pretreatment during peribaghgiower demands,
thereby significantly increasing the power production potentimt@grated operation.

Furthermore, the energy demands of the separation stagepossitily be reduced by applying
state-of-the-art mechanical separation technologies.Hbigever, beyond the scope of the present
paper to evaluate whether or not these suggestions are techribldgasible.

Another assumption during the optimization was the constrainttb®&P had to meet the heat
production of the reference CHP unit for each hour of the yesuffitient heat storage capacity
was available, it might be possible to relax this comdtiay assuming that the total production over
a period of 24h had to be met instead of the hour-wise producti@woduld allow operation
flexibility within the 24h periods and, potentially, longer duratiohstegrated operation over the
year as well.

A simplification of the calculations entailed the assumptiocooistant biomass price independently
of the processing capacity of the ethanol production. Howevemlghismption may not be valid for
at least two reasons: Firstly, transportation costsmabt likely increase with increased biomass
consumption due to the distributed nature of straw, the b®prasessed in this system [43]. And
secondly, large-scale consumption of straw would induce competiith other straw-consumers

causing straw prices to increase further. Such developimethis straw price might increase the
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diseconomies-of-scale trend for the costs of the integréted@ production. A more robust straw
cost calculation model, taking into account the straw supply@ral competing uses, is a topic of
future research for the authors.

One of the benefits of the suggested PGP is its ahilitgduce the power production without
compromising heat production during periods of low or negative powsasptror the optimal
solution, this advantage was exploited for 104h over the year of ROtk future, this advantage
may become more pronounced as an increased production from iretmatiewable energy
sources is integrated in the energy system, increéisendemand for balancing means in the heat-
and-power sectors [1] and potentially providing anotheson d’étrefor the PGP. However, in
order to predict the development of the energy system, advaneegy system analysis methods
[44] should preferably be applied. Integration of energy systeaiysis with the synthesis, design,
and operation optimization of PGPs is another topic for futusarek for the authors.
Concludingly, the results of the study point towards two overadloones: Firstly, they question the
efficiency of integrating lignocellulosic ethanol productionhia Danish CHP unit AVV1 in the
present energy system. Secondly, they illustrate how operainitions may have a significant
impact on plant performance; for the PGP in question, desighgqménation predicted a specific
energy cost of 0.213 Euro/L ethanol produced and an exergieséfjcin the range 0.842-0.855,
while a performance optimization with respect to expectedatipg conditions yielded a best-case
average specific energy cost of 0.517 Euro/L ethanol andréyye/erage exergy efficiency of

0.746.

6. Conclusion

This study treats the simultaneous optimization of design andtapetevels for a polygeneration

plant in which hydrothermal pretreatment-based lignocellulosimethmoduction is assumed
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integrated in the Danish combined heat and power unit Avedgreavieikee objective of the
optimization is to minimize the specific ethanol productiosts, as perceived by the plant owner.
The optimization considers straw processing capacities irtiaaa production ranging from 5
kg/s to 12 kg/s, and quasi-static hour-wise operation over aMsapolygeneration plant operation
is constrained by a fixed hourly heat production and an upper tmihé hourly power exports.
Capacity power laws are used for predicting specific afstsvestment depreciation and operation
and maintenance (O&M), while the energy cost is calculasea function of the operation over the
year.

The results suggests that diseconomies of scale appliescificspthanol production costs in the
integrated polygeneration plant, with the lowest feasibleiBpethanol production cost of 0.958
Euro/L being obtained for the design with the smallest ettanibty capacity considered. The
cause of the diseconomies-of-scale phenomenon is the high cef@@mer production of the CHP
unit, causing the costs from lost power sales and separatdiopdo exceed the economies-of-
scale benefits from investment depreciation and O&M whereasing ethanol production capacity.
A thermodynamic performance evaluation further indicate Heatiésign with the smallest ethanol
production capacity is optimal in terms of average yesxbrgy efficiency of the ethanol
production as well, as it obtains the shortest duration of exeigp/ess efficient separate
operation over the year. A sensitivity analysis indicateisvidw@ations in straw price and by-
products value would have the most significant impact on thefispethanol production costs,
whereas the optimum is indifferent to major variations iniffiss| prices.

In summary, the outcomes of this study question the economic tyiaitl thermodynamic
efficiency of integrating lignocellulosic ethanol production icoanbined heat and power unit
under the given conditions. Furthermore, the outcomes point towaruspgbgance of considering

operating conditions when developing flexible polygeneration plant concepts.
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Table 1

Table 1 — Mass conversion efficiencies of the products in thellewdéhanol facility.

Mass conversion efficiency Nomenclature Value[-]
Ethanol Neth 0.150
Mol asses Nmot 0.371
Solid biofuel 0.407

Nbiofuel




Table 2

Table 2 — Specific energy utility requirements of the etharmmluction for operation with zero and

full DH production in the ethanol facility.

Utility Nomenclature | Energy [MJkg] | Energy [MJkg] | Temperature Pressure
- zero DH - full DH ['C] [bar]
Steam Gsteam 5.5 5.5 195 13
Heating Qheat 5.7 8.0 >100 -
Cooling Qcool 115 1.0 <20 -
Power p 0.792° 0.792° - -

& A constant power consumption of 220 kWh/ton of straw treated was used as suggested by Bentsen

etal.[32].




Table 3

Table 3 — Temperature (T), pressure (P), and specific exergy content (ex) of steam in the extraction

points (A), (B), and (C) at various loads.

CHP Load (A) (B) (C)
TI[C] P [bar] ex [ki/kg] T[C] P [bar] ex [ki/kg] T[C] P [bar] ex [ki/kg]
1.0 467 34.2 1274 393 20.5 1121 289 9.2 911
0.9 449 31.1 1240 376 18.6 1090 275 8.3 885
0.8 431 27.9 1204 359 16.7 1058 261 7.5 858
0.7 431 25.1 1192 360 15.0 1046 262 6.7 846
0.6 432 22.1 1179 361 13.2 1032 263 6.0 832
0.5 432 18.9 1161 361 113 1014 264 5.1 814
0.4 433 15.5 1138 362 9.3 991 266 4.2 791




Table 4

Table 4 — Energy commodity costs used in the calculations.

Energy commodity Nomenclature Specific cost
Coa (CHP fuel) Ceoal 4.36 Euro/GJ [33]
Natural gas CnG 9.26 Euro/GJ [33]




Table 5

Table 5 — Production costs per litre of lignocellulosic ethanobpiced in a full scale ethanol

facility based on IBUS technology. Values from Larsen et al. [27].

Cost parameter Nomenclature Specific cost
Enzymes cost Cenz,0 0.14 Euro/L
Additives cost Cadd,0 0.06 Euro/L
Operation and maintenance cost CoaM,0 0.09 Euro/L
Depreciation cost Cro 0.07 Euro/L
By-product sales (molasses and Csales,0 0.24 Euro/L
solid biofuel)




Table 6

Table 6 — Operation characteristics and reference production véugke key operation points

shown in Figure 5.

Point | CHPunit | Back-pressure Ethanol facility | Reference PGP Reference PGP
load, A [-] | operation heat production, | power production, | DH production,
parameter, a [-] | B[] Prey [MW] Qrer [MJS]
1) 1.0 0.0 0.0 227.2 0.0
) 1.0 0.0 1.0 224.5 813
3) 1.0 1.0 1.0 197.0 339.1
4) 04 1.0 1.0 74.8 177.4
(5) 04 1.0 0.0 75.9 111.5
(6) 0.4 0.0 0.0 89.9 0.0
€) 1.0 0.0 - 249.3 0.0
(b) 1.0 1.0 - 216.0 332.9
© 0.4 1.0 - 86.3 163.1
(d) 0.4 0.0 - 104.9 0.0




Table 7

Table 7 — Exergy content of biomass flows in the ethanol production per kg of straw treated. Values

from Lythcke-Jgrgensen et al. [22].

Flow description Exergy content [MJ] Exergy content [MJ]
— integrated operation — separate operation

Straw 16.4 16.4

Natural gas 0.0 12.2

Steam 37-47° 0

Fermentation broth 10.9 10.9

Liquid fraction from pretreatment | 5.9 59

Ethanol 4.2 4.2

Molasses 4.4 4.4

Solid biofuel 8.0 8.0

% The energy consumption for the ethanol production increases with increased DH production, while
the specific exergy content of extracted steam depends on operation mode of the CHP unit.



Table 8

Table 8 — Exergy efficiency of the ethanol production in variousatipg points.

CHP Load, 4; Exergy efficiency, n;;
a; =0, Bi=0 a; =1, Bi=1
1.0 0.786 0.842
0.9 0.789 0.845
0.8 0.791 0.849
0.7 0.793 0.851
0.6 0.796 0.854
0.5 0.791 0.850
0.4 0.795 0.855

Separate operation

0.564
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Figure 1 - caption

Figure 1 — Simplified process layout of the polygeneration plant in question. From Lythcke-

Jorgensen et al. [22].
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Figure 2 - caption

Figure 2 — Outlines of the two operation modes in the polygeneration plant. From Lythcke-

Jorgensen et al. [22].
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Figure 3 - caption

Figure 3 — Scatter distribution of the hour-wise quasi-static operating points of the reference

polygeneration plant.
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Figure 4 - caption

Figure 4 — Scatter distribution of the daily maximum, minimum, and average electricity prices in

the block ‘Denmark East’ in 2011.
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Figure 5 - caption

Figure 5 — Operational ranges for the reference PGP in integrated and separate operation.

Characteristics of the six key operation points are described in Table 6.
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Figure 6 - caption

Figure 6 — Specific ethanol production cost and important cost components as functions of o.
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Figure 7 - caption

Figure 7 — Duration of integrated and separate operation of the optimized polygeneration plant as

a function of o.
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Figure 8 - caption

Figure 8 — Components of the specific energy cost as functions of o.
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Figure 9 - caption

Figure 9 — Scatter distribution of hour-wise quasi-static operating points for the optimal solution.
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Figure 10 - caption

Figure 10 — Yearly average exergy efficiency of the ethanol production at optimized operation

pattern for various o.
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Figure 11 - caption

Figure 11 — Grassmann diagram illustrating yearly average exergy flows in the ethanol production

for the optimal solution.
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Figure 12 - caption

Figure 12 — Spider plot showing the impact on specific ethanol production cost from varying

important parameters.





