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Abstract

The methods for designing, planning and managing integrated energy systems, while holistically considering the major econ
environmental factors, are still embryonic. However, the first phase of the design is often crucial if we want to manage resources
reduce energy consumption and pollution. Considering integrated energy systems implies dealing with complex systems in which th
between the various components is best exploited (for example the thermal energy of a diesel engine produced during the night is com
by the Rankine organic cycle of a solar thermal plant). The context of isolated communities further increases the difficulties when consi
long distance of transport required to supply fossil fuels. These sites are often located in very precarious environments, with limited or nnt
resources except for solar energy, and with frequent additional needs for desalination (in arid zones).

This paper illustrates a holistic method to rationalize the design of energy integrated systems. It is based on a superstructure (co
models of all envisaged technologies) and a multi-objective optimisation (resources, demand, energy, emission, costs) using an e
algorithm. The approach proposed allows the identification of more complete and more coherent integrated configurations charact
most promising designs (also taking into account the time dependency aspects). It also allows to better structure the information in
participative decision approach. The study shows that the economic implementation of renewable energy (solar) is even more difficult,
to diesel based solutions, in cases of isolated communities with high load variations. New infrastructure or retrofit cases are considere
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Currently, remote communities are often supplied with e
tricity by diesel generators complemented with photovol
systems. The main problems with diesel generators, are e
sions, the fact that the resources are not renewable, logistic
noise. Simulations have been made of a remote communi
the Tunisian Sahara to see the effects on the choice of p
technologies when pollution and economic considerations
taken into account.

* Corresponding author.
E-mail address: daniel.favrat@epfl.ch (D. Favrat).
1290-0729/$ – see front matter 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2005.09.006
-

is-
nd
in
er
e

2. Situation and data

The considered site is an oasis of 150 ha, located 150
from the closest urban centre. It is composed of a village (2
400 inhabitants), and four hotels (max. 530 beds, average
cupancy 90 beds) [1]. One of these hotels is a four star h
with air-conditioned Berber tents and a swimming pool. T
geographic layout of the oasis is shown in Fig. 1.

All the hotels have a highly variable occupancy rate dur
the year and throughout the day [1]. The resulting electri
consumption is schematically shown in Fig. 2 either with
actual consumption or with a potential of maximum occupa
of the hotels throughout the year. The peak demand corresp
to summer months with air conditioning (Table 1).
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Nomenclature

c non-dimensional constant
C cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EUR
Ctot total cost forny years . . . . . . . . . . . . . . . . . . . . . EUR
Cτ actualised cost . . . . . . . . . . . . . . . . . . . . . . . . . . . EUR
E electrical energy . . . . . . . . . . . . . . . . . . . . . . . . . kWhe
Ė electrical power . . . . . . . . . . . . . . . . . . . . . . . . . . kWe
g mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . g
�ho

i lower heating value of the diesel,
= 42 600. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ·kg−1

Isun(t) total sun radiation at the timet . . . . . . . . . kW·m−2

L load of the engine
Ṁ flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

ny number of years,= 20
PtJ loss percentage due to Joules effects,= 0.025
PtO&M loss percentage due to maintenance,= 0.05
PtOther loss percentage due to other,= 0.025
Q̇−

cond heat power in the condenser of the ORC . . . . . kW
S surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T × I interest rate,= 0.12
V volume
Y value of the function

Greek symbols

ε first law efficiency

Subscript

atm atmospheric
C carbon
CHP combined heat and power (diesel engines)
CP parabolic collector
CT cooling tower
d diesel
g exhaust gas
HC unburned hydrocarbons
HR heat recovery
HS heat storage
M diesel engine
MG diesel engine and generator
N nominal value
ORC organic Rankine cycle
O&M operation and maintenance
PV photovoltaic panel
Tot total
var variable

Abbreviation

MOEA multi-objective evolutionary algorithms
NDS non-dominated set
QMOO queuing multi-objective optimiser

Fig. 1. Present situation [1].
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The electrical needs are modelled by taking twelve re
sentative days of each month and five especially busy days
latter is done to avoid using monthly average for the peak m
which would not be representative of the real peak demand

Currently, like many villages in developing world, this o
sis is not connected to the main grid and has no electric
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Table 1
Electrical parameters of the village consumption

Units [kWe] Average Min Max

Present electrical needs 53 27 88
Max. potential electrical consumption (if the
hotels were full all along the year) 203 74 679
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Fig. 2. Variation of the maximum (potential with full occupancy of the hotels) and present electrical consumptions (with highly variable occupancy throughout the
year) [1].
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[1].

has
base
an
between the hotels and inside the village except for a link
tween two hotels. Each hotel has two generator groups. The
is supplied by road. There are individual photovoltaic panel
the roofs of each house in the village which are not conne
together. An additional array of 27 m2 of photovoltaic panels
is used to feed a down-the-hole water pump. During some
riods there is a lack of electricity in the village and for t
pumps, while there is excess electricity in the hotels. This
cess exists because the generator sets cannot, according
constructor’s specifications, run at a power lower than 25%
their nominal power.

3. Model superstructure

Simulations of the community energy infrastructure
based on a superstructure in which all technology option
be potentially considered are included in the form of the follo
ing modules: Diesel engine (co-)generators, photovoltaic pa
(PV), organic Rankine cycles (ORC), electrical grids, heat s
age (HS), cooling towers and solar parabolic trough collec
(PT) (Fig. 3). For each component the model includes the m
significant factors such as thermodynamic behaviour, econ
trends as well as gaseous and noise emissions.

The diesel generators can be used alone or in cogener
mode, the latter implying extra investment costs for the hea
changers. The hypothesis is made that only the heat from
exhaust gas can be used by the organic Rankine cycle (th
of engine block cooling as in [2] could be considered in
future). Additional heat can be produced by solar trough
lectors. Heat can be used directly by the organic Rankine c
or stored in a stratified heat storage system.

A number of variables are used to specify how the syste
controlled. These variables are:
-
el
n
d

-

-
the
f

o

ls
-
s
st
ic

on
-
e
se

-
le

s

• The part of the maximal nominal power that is supplied
the engines or the ORC.

• The total number of engines.
• The number of engines that are equipped for cogenera
• The number and nominal power of the engines in stand

to meet occasional peaks.
• The average percentage of power production attribute

engines.
• The average percentage of power production based on

storage.
• The upper temperature of the ORC (150–170◦C).
• The lower temperature of the ORC (90–120◦C).

The basic formulation of the model allows the location of
equipment to be inside or outside the oasis area (when n
is considered). In the present study this noise penalty is
considered but the location of the equipment can be spec
according to their present locations (for retrofit) or all equ
ment can be considered to be at the central location indicat
Fig. 1. No special gas post treatment systems have been co
ered to actively reduce emissions.

4. Thermoeconomic models

It is important to note that the following values are avera
of data found in the literature or given by equipment suppli
Often a large scatter in the values can be noticed. More in
mation about the variance of the costing models is given in

4.1. Diesel generator sets

The thermodynamic model of the diesel generator sets
been made from manufacturers’ data on the basis of a data
of more than 450 engines. The following functions indicate
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average of the assumed performance of the diesel gener
based on the lower heating value�ho

i of the fuel [3].

Y = c0 + c1
(
Ṁd�ho

i

)c2 + c3 ln
(
Ṁd�ho

i

)
with the parameter values given in Table 2. Table 3 gives the
rameter values for the following equation valid for the estim
tion of the heat rate, which can be recovered from the eng
at nominal load:

Y =
2∑

i=0

ci

(
Ṁd�ho

i

)i + c3
(
Ṁd�ho

i

)c4

Table 4 gives the parameter values for the following equa
valid for the estimation of the CO emissions from engines:

Y = C0 + C1Ṁd�ho + C2 log
(
Ṁd�ho

)

i i
rs,

-

s

n

A value for total unburned hydrocarbons (HC) between 0.
2 g·kWhe−1 is found in the literature [4–7]. In our case a val
of 0.44 g per kWh (5.2 milligrams per gram of fuel) is cons
ered.

The mass flow of CO2 is given by:

ṀCO2 = 44

12

(
MC

d Ṁd − 12

16
ṀHC − 12

28
ṀCO

)

For partial load, the results of experimental analyses fro
given engine supplier were extrapolated to the others and
marized in Table 5 for the physical parameters and perform
and in Table 6 for the emissions.

Existing installations were taken to approximate the inv
ment cost function for Diesel engines [8]:

CCHP= 6543.6Ė0.6941

M

Fig. 3. Superstructure of the technologies considered.

Table 2
Model parameters for nominal load of diesel engines

Y c0 c1 c2 c3 Validity [kW]

εMGN 0.376 0 0 0.0146 4.8× 103 < Ṁd�ho
i

< 5× 104

0 0.2252 7.04× 10−2 0 35< Ṁd�ho
i

< 4.8× 103

εMN 0.338 0.0123 103 < Ṁd�ho
i

< 5× 103

0.3427 3.02× 10−2 35< Ṁd�ho
i

< 103

ṀgN 2.01× 10−3 1 35< Ṁd�ho
i

< 5× 103

TgN 273.1 795.71 −6.27× 10−2 70< Ṁd�ho
i

< 5× 103
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Table 3
Model parameters of the recoverable heat rate (for engines at nominal load)

Y Unity c0 c1 c2 c3 c4 Validity [kW]

Q̇refN kW −6.1925 0.2331 2× 10−5 0 0 200< Ṁd�ho
i

< 5000

0 0 0 0.393 0.9061 35< Ṁd�ho
i

< 200

Q̇radN kW 0 0 0 0.5708 0.7111 35< Ṁd�ho
i

< 5000

Table 4
Parameter values for CO for engines

Y Unity C0 C1 C2 Validity

CO gCO/gd −14.203 0 2.7623 769.2308< Ṁd�ho
i

< 5000

2 0 0 35< Ṁd�ho
i

< 769.2308

9.525 4.185× 10−5 0 5000< Ṁd�ho
i

< 50000

Table 5
Physical parameter values for engines at partial loadY = ∑4

i=0 ciL
i

Y c0 c1 c2 c3 c4

εM/εMN 0.4457 2.7093 −5.2738 4.6718 −1.551
εG/εGN 1a 0 0 0 0
Tg/TgN 0.2022 1.664 −1.0986 0.2291 0

Ṁg/ṀgN 0.5441 −0.6429 2.8421 −2.7865 1.0423

Q̇rad/Q̇radN 0.202 0.1421 0.7211 0 0

Q̇ref/Q̇refN 0.1518 0.8382 0.0061 0 0

a The efficiency of the electric generator is only weakly influenced by the load and is here considered constant [8].

Table 6
Engine emissions at partial loadY = ∑6

i=0 ciL
i + c7Lc8

Y ṀCO/ṀCON ṀCO2/ṀCO2N ṀHC/ṀHCN

Range L > 0.225 0< L < 0.225

c0 15.513 0.97563 1.0900 0
c1 −116.49 0.96592 −0.17 0
c2 3.5838 −3.5107× 10−2 0 0
c3 −5.3991× 10−2 4.0458× 10−4 0 0
c4 3.9666× 10−4 −1.4781× 10−6 0 0
c5 −1.13× 10−6 0 0 0
c6 0 0 0 0
c7 0 0 0 9658.7
c8 0 0 0 −0.983
nic
RC
CHR = 0.6534Ė−0.1323
M CCHP if 10 < ĖM < 100

CHR = 1.8183Ė−0.3377
M CCHP if ĖM > 100

The operating functions were taken from [9]:

CCHP O&Mfixe = −0.0016Ė2
M + 18.048ĖM

CCHP O&Mvar = (Coil + CMaint + CUsury)EM

+ Cdiesel

1year∫
0

Ṁd(t)dt

with a diesel cost

Cdiesel= 0.366[EUR·kg−1]
CMaint = 1.71× 10−3 maintenance cost [EUR·kWh−1]

Coil = 1.74× 10.e−3 cost of lubrication oil [EUR·kWh−1]
CWear= 2.13× 10−3 cost of wear [EUR·kWh−1]

4.2. Organic Rankine cycle

The following equations were taken to model an orga
Rankine cycle [2,10,11] on the basis of a prototype of O
using hermetic scroll expander-generators:

Q̇−
cond= 1.7108Ė−

ORC(TTurbin − 273.15)−0.1346

CORC= 13194Ė−0.977
ORC if Ė−

ORC< 3.5

CORC= 4700.2Ė−0.2395
ORC if 3.5< Ė−

ORC< 104

CORC= 4868.2Ė−0.2038
ORC if Ė−

ORC> 104

4.3. Photovoltaic

Photovoltaic (PV) panels were modelled from [12,13]:
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Table 7
Reduction of efficiency of photovoltaic panels as a function of the ambient
perature

T [◦C] −20 −10 0 10 20 30 40
�εT 1.2 0.8 0.4 0.01 0.001 −0.8 −1.2

Fig. 4. Cost of photovoltaic power plants.

εPV = Isun(t)SPV

ĖPV

= (εPVN − �εT)εCE(1− PtJ)(1− PtO&M )

× (1− PtOther) with

εPVN = 0.12

εCE = 0.9 efficiency of power conditioning1

�εT: variation of efficiency due to the ambient temperature

(See Table 7.)

The literature gives different costs for photovoltaic insta
tions (Fig. 4). Strong differences were found between diffe
sources. Country, years of warranty, VAT, existing or proj
installations partially explain these differences. For this o
misation the model RETscreen [12,13] was taken. It allow
account more precisely for the characteristics of the cou
considered and for the particular situation of the oasis (dista
salaries. . . ).

4.4. Solar trough collectors

The solar trough collector is modelled from the characte
tics of the Luz model LS3 and the thermodynamic model w
taken from [2].

The cost is given by:

1 Electronic devices to control the PV array and transform its DC outpu
AC.
-

t
t
-

y
e,

-
s

CCP= SCP

[
cland+ 317.93

(
SCP

1e4

)0.1035]
with

cland= 0.64 specific land cost [EUR·m−2]

If SCP< 470 000 [m2]

CCPO&M = −3.10−5SCP+ 22.036 [EUR·year−1]

elseCCPO&M = −3.10−6SCP+ 10.039 [EUR·year−1]

4.5. Heat storage

The cost function for the heat storage is based on mo
from [14,15]:

CHS = c1

(
V

Vr

)m

with

V [m3] C1 [DKK] 2 Vr [m3] M

< 100 22 800 1 0.78
� 100 63 000 1 0.5593

The operating cost is estimated to be 3% of the investm
costs [16].

4.6. Cooling tower

The thermoeconomic model for the cooling tower was ta
from [17].

4.7. Other

The value of 12 100 [EUR·km−1] is taken for the electrica
grid, and an operating cost of 10% of the initial cost is tak
Other costs due to elements such as buildings, electrical t
formers and heat networks are considered. They play a mar
role and are not analysed here.

5. Objective function

The choice has been made to pursue the analysis us
two-objective function optimisation. The first objective fun
tion used in all analyses and represented in abscise of the P
diagrams, is the total cost which here includes the cumul
investment cost for all components over a duration period
20 years plus the operational cost. The second objective f
tion varies according to the various analyses but in this pap
limited to the cumulated CO2 emissions. Results with other o
jectives like the cumulated noise or the life cycle assessmen
cording the CST method are presented elsewhere [1]. The
eral formulation of these objective functions is the following

Cτ = fτ (CCHP+ CHR + CORC+ CCP+ CHS + CCT + COther)

2 Exchange rate (2002) 1 DKK= 0.13213 EUR.
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with fτ the factor of actualisation

fτ = 1+ T × I

1− (T × I + 1)ny

Ctot = Cτ + ny(CO&MCHP + CO&MHR + CO&MORC

+ CO&MCP + CO&MHS + CO&MCT + CO&MOther)

When analysing CO2 as an objective function, only the CO2
emitted by the engines during operation is considered by o
sition to a full life cycle accounting.

6. Multi-objective evolutionary algorithm

The queuing multi-objective optimiser (QMOO) used h
was developed in Refs. [18,19]. Like other multi-objective e
lutionary algorithms (MOEAs), it allows the optimisation
several objectives. By keeping the objectives separate, tr
offs between different objectives are clearly illustrated,
more informed design decisions can be made. In this case
lows to find and rank the best integrated generation techno
solutions from the superstructure, which are both cost ef
tive and less polluting. The solutions returned by the algori
are an approximation to a Pareto-optimal front—such a s
tion cannot be made less polluting without being more co
or cheaper without emitting more.

QMOO has a number of features (described in de
[18,19]) that distinguish it from other MOEAs. It is extreme
elitist, to the point of preserving the entire non-dominated
(NDS), resulting in fast convergence. For calculation impro
efficiency it includes strategies to “thin” the NDS if the large
becomes unmanageable, to the point where these method
result in better performance than preserving the entire NDS
also unique because it uses statistical classification metho
identify and preserve different clusters of solutions, resultin
an effective search for multiple local optima, and conseque
a good chance of converging to the global optimum. QM
also features an architecture that makes it easy to per
objective function evaluations in parallel on a cluster of wo
stations, greatly reducing the elapsed time for convergence

The strategy adopted here is to establish first the config
tion and design followed by the optimisation of the operati
The decision variables are percentages of the yearly use o
technologies and iterations are made to find the nominal
ues (Fig. 5). The average and maximal electrical demand
calculated from 12 typical days of 24 hours (Fig. 2). The te
nologies are dimensioned from the maximal power demand
the operation is optimized according to the average deman

Four variablesPORC-Mot, PCP, Pstock, PMot determine the
percentage of the production of the ORC connected to the
gines, of the ORC in connection with solar trough collectors
the heat from the heat storage with the ORC, or of the engi

Other decision variables are added to these variables to
cise additional characteristics of the technologies like:

• PSB part of the energy of the engines used in stand
NMot.SB fixes the number of engines in stand-by.NMot the
number of engines to supply the rest of the demand. E2
nominal power of theNMot.
o-

e-
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• PORC_NbreMot number of engines equipped for cogene
tion.

• Porc-CP surface of the parabolic trough collectors.
• PStock-use parameter defining the strategy of supply fro

the heat storage.
• TMT andTHT are the temperatures of the stratified heat s

age.

For the simulation the priority is given to the use of the
newable energies if the investment has been done accord
(Fig. 5). In a first step photovoltaic supply is subtracted fr
the total demand curve. The next step is to find by iteration
nominal values of the technologies to fit to the electrical p
centagesPORC-Mot, PCP, Pstock, PMot. If there are no physica
solutions able to achieve these percentages, they are mo
to meet with the closest feasible solution. Finally the object
values are calculated.

7. Results when optimising for low CO2 emissions

The goal of our study has been to optimise various alte
tives of either retrofit or of new design in different situatio
(increase of the diesel cost, fixed location)

Fig. 6 shows the Pareto curves resulting from the optim
tion based on CO2. Each point corresponds to one solution (o
genome or set of variables). With the present equipment
strategies of operation, the annual emissions of CO2 are esti-
mated to correspond to 863 tonnes which is about twice as
as the emissions related to solutions (1) in Fig. 6 and Tab
A retrofit case shows that the cheapest solution (1) is to con
with a local grid, all the electrical utilities available on the s
(which result in a reduction of 51% of CO2 and 33% of cost)
Then the next solutions for decreasing the CO2 are based on
engines in cogeneration mode with an ORC and are abou
more costly. To further decrease the CO2 emissions the use so
lar trough collectors is required (4.2% more costly). Then w
a cost overrun of 6%, solutions with engines in cogenerat
ORC and solar trough collectors appear along the Pareto c

With a new design (at present fuel cost), the cheapes
the most CO2 emitting solution (2) includes only engines. T
next alternative solutions (between (2) and (3)) (more expen
but emitting less CO2) include engines used in cogenerati
and an ORC (from 4% more expensive). Then solar trough
lectors are found in the next order of solutions (started fr
solution (3)) together with a more powerful ORC. It is on
when the cost is allowed to double that heat storage sys
appear among the dominating solutions.

This synthetic way of presenting results allows an easy e
uation of the level of CO2 taxes which should be introduced
favour the emergence of given renewable solutions. In Fig
the ordinate value for each solution (each point of the diagr
is calculated using the following equations:

CTaxCO2
=

Cx
Tot20years

− C0
Tot20years∫ 20years

0 Ṁ0
CO2

dt − ∫ 20years
0 Ṁx

CO2
dt

[EUR·(tonne of CO2)−1]
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able 8.
Fig. 5. Hierarchical refinement of the solution (genome) based on physical and temporal constraints.

Fig. 6. Comparison of the yearly emissions of CO2 in the case of a new design and of a retrofit optimisation. The solutions (1)–(3) are further described in T
ot

cal

ates
or

CTaxDiesel =
Cx

Tot20years
− C0

Tot20years∫ 20years
0 Ṁ0

d dt − ∫ 20years
0 Ṁx

d dt

[EUR·(kg of diesel)−1]
where the total costCx

Tot andC0
Tot for respectively the
20years 20years
solution “x” or the presently most economic solution “0” do n

yet include the cost increase related to either a CO2 tax or a fuel

tax.
In the case of the CO2 tax, each point “x” of Fig. 7 is the

threshold of tax from which the solution is more economi

than the presently most economical solution. This transl
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(3)
Table 8
Parameters of four solutions in case of a CO2 analysis

Solutions Present Retrofit (1) New design (2) New design

Engine [kWe] 2× 27/40/300 2× 27/40/300 2× 88/592 2× 75/548
PV [kWe] 11 11 0 0
ORC [kWe] 0 0 0 56
Engine [kWhe/y] 3.84× 105 4.35× 105 4.58× 105 2.54× 105

PV [kWhe/y] 2.26× 104 2.26× 104 0 0
ORC [kWhe/y] 0 0 0 2.07× 105a

Cost of the energyb

Engine CI [EUR/kWhe] 0.125 0.110 0.081 0.136
Cogeneration engine [EUR/kWhe] – – – 0.011
Engine O&M [EUR/kWhe] 0.308 0.119 0.118 0.131
Engine [EUR/kWhe] 0.432 0.229 0.200 0.277
ORC [EUR/kWhe] – 0 – 0.102
CT [EUR/kWhe] – 0 – 0.038
PT [EUR/kWhe] – 0 – 0.042
PV [EUR/kWhe] 0.40 0.4 0 –
Other [EUR/kWhe] 0.035 0.039 0.035 0.035
Total [EUR/kWhe] 0.466 0.276 0.235 0.270
Total cost [EUR] 3.79× 106 2.53× 106 2.15× 106 2.70× 106

CO2 [tonnes/year] 863 420 416 246

a Around 13% of this energy is linked to the heat recovery on the engines.
b Attributed to the power producing units per kWhe.
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Fig. 7. Sensitivity of a variability threshold to a CO2 tax or a fuel tax for the
case of a new design (20 years over).

into the following equation:

C0
Tot20years

+ CTaxCO2

20years∫
0

Ṁ0
CO2

dt

= Cx
Tot20years

+ CTaxCO2

20years∫
0

Ṁx
CO2

dt

A reduction of 40% of CO2 emissions requires a tax of arou
2 [EUR·(tonne of CO2)−1], which correspond to a tax of 0.1
[EUR·(kg of diesel)−1] and a 20% cost overrun (Fig. 7 sol
tion (3)). Note that the fuel tax can be interpreted as an incr
 e

of fuel cost and that sensitivity can be very useful when
prices are substantially changing.

The above example shows the advantage of such a me
which allows an easy ranking of all the best solutions ba
on economic and environmental considerations. The break
point for renewable energies is highlighted and measure
encourage their implementation through pollution taxes for
ample can be rationally assessed.

8. Conclusion

This paper illustrates a holistic design and planning met
particularly valuable for complex integrated energy syste
which include a large number of parameters. The method al
a quantitative assessment of key economic and ecological
meters when comparing and ranking solutions. A represent
of the optima along a Pareto curve provides an overview of
best part of the solution field which can be determined usin
efficient multi-objective algorithm. The results of a case stu
of an isolated oasis show that even in extremely favourable s
conditions, solutions including solar power production eit
from thermal or photovoltaic conversion units were not e
nomically viable with the oil price of the 90th or beginnin
of the 21st century. The main reason was the difficulty for
vestment intensive solar or storage technologies to efficie
respond to highly variable loads when not connected to a m
grid.

However the proposed method allows an easy assessm
the sensitivity of the solutions to changes in fuel prices or to
introduction of a CO2 tax. Both retrofit and entirely new solu
tions have been illustrated. A simple retrofit solution inclu
a local electrical grid between the present utilities resulting
a reduction of 33% on cost and 51% in CO2 emissions. A fur-
ther cost reduction with an entirely new design has been sh
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for equivalent CO2 reduction. Sensitivity analysis to cost, in t
case of a new design, allows to explore further CO2 reduction
and the economic penalties associated with them. One inte
ing solution for the chosen case study allows to reduce C2
emissions by 40% with only a 25% cost increase.

The method is highly modular and can be extended to
sites as well as to other parameters like life cycle indicator
new technologies and services.
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