
Chapter 1
A Multi-attribute Assessment of Electricity
Supply Options in Lebanon

Romy Abou Farhat, Maral Mahlooji, Ludovic Gaudard, Jad El-Baba,
Hassan Harajli, Vahakn Kabakian, and Kaveh Madani

1.1 Introduction

The rapid growth in energy demand leads to new challenges for governments. In
growth-focused economic systems, decision-makers aim to guarantee the cheapest
energy while often overlooking the impacts on future generations [20]. This has
spurred deployment of fossil fuel technologies to meet booming energy demand due
to population and income growth. These technologies consequently account for the
largest contribution toward GHG emissions at a global scale [44, 56] and the main
driver of depleting fossil fuel reserves [35], increasing global warming and energy
insecurity. These challenges also represent opportunities to tackle economic growth,
national stability, social development, and acceptable living standards through
sustainable and green developments [52]. This calls for a transition from conven-
tional energy supply systems toward new options.
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In some parts of the world, energy planners have provided some incentives to
deploy renewable energy to achieve sustainability goals [31, 49, 72]. However, such
policies disregard the harmful impacts these new technologies might have on other
valuable and competing resources. The sole focus on one aspect of the energy sector,
such as carbon emissions, may prevent sustainable development if additional pres-
sure is exerted on other resources including but not limited to land, water, the
economy, the social environment, and the technical operation of energy systems
[19, 23]. But, for sustainable development, energy planners should solve current
problems without forming new ones.

Lebanon’s power sector heavily relies on imported fossil fuels. Diesel and heavy
fuel oils made up approximately 93% of total electricity generation in 2017, with six
thermal plants (73%) and two offshore power barges (20%). Hydropower accounted
for 3%, solar PV 0.35%, while the remaining 4% of electricity supply was imported
from Syria [17]. The national utility, EDL, also faces a large shortfall in power
capacity. In 2017, Lebanon’s main grid controlled 2066 MW, while the demand was
2900 MW on average and peak demand was 3400 MW [17]. This gap represents a
deficit in energy production of 1334 MW and had been exacerbated due to the
ongoing Syrian refugee crisis that began in 2011 [17]. It causes structural blackouts
ranging from 3 to 12 hours per day depending on regions in Lebanon [24, 47]. Private
distributed diesel generators replace more than 85% of this missing supply, which
have drastically been increasing pollution [67]. In 2017, a short-term Rescue Plan
supported the country’s principal national energy plan devised in 2010 in order to
alleviate the country’s energy security issues [17, 47]. The plan consists in installing
another 825 MW of temporary power barges, 569 MW of Combined Cycle Gas
Turbines (CCGT), and 831 MW of various renewable power sources (including
large-scale and micro hydropower, onshore wind, solar photovoltaics, concentrated
solar panels, bioenergy, and geothermal power) by 2020 [36]. In the medium term
(2025), 2500 MW of conventional power plants are planned, while another
1000 MW of conventional power plants and 655 MW of renewable energy projects
are expected in the longer term (2030+). This energy plan mainly aims to solve the
country’s energy production deficit; it does not directly offer solutions to mitigate or
prevent other energy sustainability challenges from occurring.

Rescue Plan does not consider the water–energy nexus. Power deployment can
compete with water, jeopardizing this resource [3, 21]. Energy generation life cycle
requires water, which is becoming a scarce resource in Lebanon [46]. Irrigation has
been reducing water availability, limiting the generation potential of Lebanon’s five
large-scale hydropower plants [48]. Frequent droughts and climate change aggravate
the situation by reducing precipitations and increasing evapotranspiration [48]. In
comparison to renewable energies, some conventional energies have lower water
footprints and exert less pressure on the water resources. In contrast, water extrac-
tion, treatment, and distribution contribute to energy demand [39, 43]. The latter is
also highly susceptible to impacts of climate change; for example, temperature
increase will add to the cooling demand [15, 18].

Land availability and usage must also be considered in energy planning. For
instance, biomass energy generation would become unsustainable if it competes with
the land required for food production [7]. Installation locations also matter to limit
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environmental and social risk. Energy production can degrade biodiversity, ecosys-
tem productivity, water quality, and affect soil erosion. It can hinder residential
settlements at their proximities, thus exacerbating issues between the rising urban
population and the shortage of local land availability [2].

Lebanon’s coastal power plants have been endangering marine fauna and flora,
public health, and coastal landscapes with the gaseous emissions and liquid wastes
[45]. As a result, deterring the country’s socio-environmental sustainability. On the
other hand, energy sectors could reduce regional land if synergies are created with
other sectors. For instance, valorizing abundant waste streams in Lebanon into
energy can avoid the construction of land-intensive landfills and dumpsites, in a
country with scarce land due to rising population densities and costs [34].

Urbanization, population growth, and climate change exacerbate competition
between land, energy, and water resources. If the Climate–Land–Energy–Water
(CLEW) nexus is not considered in policies, the long-term development of human
well-being can be undermined [61]. Energy policies must consider trade-offs when
it comes to building synergies across systems, improving socio-ecological sustain-
ability of energy systems [28]. On average, 50% of the Lebanese spend 10% of
their income on on-grid and backup power bills [24]. The energy sector, therefore,
represents strong leverage to improving the socioeconomic conditions. It also
represents a source of job creation [32]. In turn, social acceptance of energy
technologies can determine the success of new power projects and the satisfaction
of energy policy goals [14]. It is crucial to acknowledge the socioeconomic
system and the CLEW nexus in energy decisions to develop practical and sustain-
able solutions with minimal secondary impacts on valuable resources
[54, 59]. These issues underline the complexity of making sustainable decision
in the energy sector.

Local resource availability conditions further complicate energy planning.
Regional difference and variability of resources mean no global solutions exist.
Local conditions and resource availability should be the basis of decisions
[22, 55]. They should integrate the region-specific trade-offs between energy,
natural, social, and economic systems.

A holistic system perception of local energy challenges may prevent policies to
develop unexpected risks on the nations’ sustainability. System of Systems (SoS)
approach can provide such an assessment [37, 53]. SoS supports energy planners to
understand the interactions between energy and other relevant systems, despite them
being independently managed. It informs decision-makers in their attempts to
mitigate climate change and the risk of unintended and irreparable secondary
impacts across other systems [53].

Studies within the energy industry are now more focused on combining
sustainability concerns and nexus approaches across SoS frameworks. Hadian and
Madani, [38] established a quantitative SoS-based sustainability evaluation
framework to consider the global desirability of various renewable and conventional
energy alternatives with respect to the trade-offs between their water footprints,
carbon footprints, land footprints, and cost of energy production. Ristic et al. [55]
and Mahlooji et al. [42], respectively, analyzed the desirability of electricity gener-
ation alternatives in the European Union (EU) and Middle East and Nortth Afcrica
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(MENA) with respect to the same four natural and economic indicators with
consideration of regional resource availability.

This study applies a similar SoS approach as Ristic et al. [55] and Mahlooji
et al. [42] to tackle energy planning in Lebanon, with additional consideration of
local social dynamics. As the first attempt to study energy solutions in Lebanon
through an SoS approach, this chapter identifies electricity generation alternatives
that can support the nation in overcoming its most critical energy insecurity chal-
lenges while reducing impacts on its valuable natural, economic, and social
resources.

1.2 Method and Data

This chapter uses two assessment approaches, each employing sets of decision-
making criteria that address the most considerable energy sustainability issues and
target levers that have a direct impact on the nation’s scarcest resources. The first set,
used in Resource Efficiency Assessment (REA), represents a set of criteria that help
to evaluate the impacts of the 16 electricity supply technologies that together make
up its current and planned energy mixes in Lebanon on the nation’s economic and
natural resources. Following Hadian and Madani [38], four resource-use perfor-
mance criteria are considered (Table 1.1), namely, water consumption, land foot-
print, GHG emission, and Levelized Cost Of Electricity (LCOE). The second set of
criteria (Table 1.2), used in the Sustainability Performance Assessment (SPA),
represents the economic, environmental, societal, and technological considerations
of energy planning in Lebanon.

Table 1.1 and Table 1.2 provide the collected data for REA and SPA, respec-
tively. Data were collected from an extensive review of information in the literature,
qualitative analyses, and surveys. Sources which covered a larger number of tech-
nologies were prioritized to reduce the number of references. This increases the
consistency in the methods, hypotheses, and assumptions used by different studies
for calculation of the performances. Consistency has been checked if data for the
same indicator have been collected from different sources. Some values are
presented in ranges, which indicates uncertainties in the performances due to
geographical, technological, or other deviations across the nation or global scales.
When available, the most up-to-date data specific to Lebanon were selected to
provide an assessment that considers the current specificities of this country.

The SoS model of Hadian and Madani [38], used in this study, implements a
Monte Carlo multi-criteria decision-making (MC-MCDM) approach [19, 40, 54]
which evaluates the desirability of the 16 electricity supply alternatives in Lebanon
with respect to their uncertain performance under a set of different criteria (Tables 1.1
and 1.2). The model used five different MCDM methods to add to the robustness of
the ranking system and decrease the results’ sensitivity to different notions of
optimality [23, 38, 41]. These MCDM methods include lexicographic [65], simple
additive weighting [6], maximin [68], dominance [13], and TOPSIS [74]. For more
information on these methods, readers are referred to Madani et al. [37].

4 R. A. Farhat et al.



T
ab

le
1.
1

E
ne
rg
y
pe
rf
or
m
an
ce

da
ta

fo
r
th
e
R
es
ou

rc
e
E
ffi
ci
en
cy

A
ss
es
sm

en
t
(R
E
A
)
fr
am

ew
or
k
W
he
n
pe
rf
or
m
an

ce
s
ar
e
re
pr
es
en
te
d
by

tw
o
da

ta
po

in
ts

(m
in
im
um

–
m
ax
im
um

va
lu
es
),
th
e
en
tir
e
ra
ng

e
w
as

co
ns
id
er
ed
.S

om
e
pe
rf
or
m
an
ce
s
co
ns
is
t
of

m
in
im

um
–
m
ed
ia
n–

m
ax
im

um

P
ri
m
ar
y
en
er
gy

so
ur
ce

E
le
ct
ri
ci
ty

ge
ne
ra
tio

n
te
ch
no

lo
gy

L
C
O
E
��

[U
S
D
/k
W
h]

C
ar
bo

n
fo
ot
pr
in
t��

�
[k
gC

O
2
eq
/k
W
h]

L
an
d
fo
ot
pr
in
t��

��
[k
m

2
/T
W
hr
]

(A
re
a
of

D
ir
ec
t

F
oo

tp
ri
nt
)

W
at
er

co
ns
um

pt
io
n�

��
[m

3
/M

W
h]

L
ig
ht

fu
el
oi
l(
L
F
O
)

D
ie
se
l
ge
ne
ra
to
rs

0.
08

7–
0.
13

8
a

0.
32

1
e

0.
12

–
0.
95

�f
0.
54

e

O
C
G
T

0.
04

5–
0.
09

5
a

1.
05

0
e

0.
12

–
0.
95

�f
7.
84

e

C
C
G
T

0.
05

4–
0.
11

6
a

0.
64

7
e

0.
12

–
0.
95

�f
3.
61

e

H
ea
vy

fu
el
oi
l(
H
F
O
)

S
te
am

pl
an
ts
(S
P
)

0.
04

5–
0.
09

5
a

0.
81

4
e

0.
12

–
0.
95

�f
91

.8
4
e

F
lo
at
in
g
ba
rg
es

0.
21

2–
0.
25

9
a

0.
81

4
e

0
91

.8
4
e

N
at
ur
al
ga
s

C
C
G
T

0.
02

5–
0.
40

0
a

0.
41

7
e

0.
12

–
0.
95

�f
0.
69

7
e

H
yd

ro
po

w
er

H
yd

ro
el
ec
tr
ic
po

w
er

pl
an
ts

0.
02

3–
0.
40

0
a

0.
01

5
e

6.
45

–
16

.8
6
–
86

.9
5
�f

29
.6
8
e

S
ol
ar

en
er
gy

U
til
ity

so
la
r
ph

ot
ov

ol
ta
ic
(P
V
)

0.
06

9–
0.
17

9
a

0.
04

0
e

12
.3
0
–
15

.0
1
–
16

.9
7
�f

2.
95

e

C
S
P
w
ith

st
or
ag
e

0.
16

5–
0.
29

5
a

0.
00

9
–
0.
02

7
–
0.
06

3
�b

12
.9
7
–
19

.2
5
–
27

.9
6
�f

32
.7
8–

60
5.
56

�d

C
S
P
w
ith

ou
ts
to
ra
ge

0.
23

3–
0.
29

6
a

0.
00

9
–
0.
02

7
–
0.
06

3
�b

12
.9
7
–
19

.2
5
–
27

.9
6
�f

32
.7
8–

60
5.
56

�d

W
as
te
an
d
bi
om

as
s

re
si
du

es
L
an
dfi

ll
ga
s
re
co
ve
ry

0.
05

5–
0.
16

6
a

0.
11

0–
0.
14

0
�g

38
.0
0–

77
.0
0
t

0.
22
–
5.
17

�d
W
as
te
co
m
bu

st
io
n
pl
an
ts

0.
09

3–
0.
19

1
a

0.
14

0–
0.
35

0
�g

0.
09

–
0.
39

�u
0.
22
–
5.
17

�d
W
in
d
en
er
gy

O
ns
ho

re
w
in
d
tu
rb
in
es

0.
06

9–
0.
15

0
a

0.
01

9
e

0.
34

–
1.
31

–
1.
37

�f
0.
42

e

O
ff
sh
or
e
w
in
d
tu
rb
in
es

0.
09

4–
0.
21

7
a

0.
01

9
e

0
0.
42

e

G
eo
th
er
m
al
en
er
gy

H
yd

ro
th
er
m
al
po

w
er

pl
an
ts

0.
02

8–
0.
10

1
a

0.
06

0
e

2.
14

–
5.
14

–
10

.9
6
�f

13
.5
5
e

(c
on

tin
ue
d)

1 A Multi-attribute Assessment of Electricity Supply Options in Lebanon 5



T
ab

le
1.
1

(c
on

tin
ue
d)

P
ri
m
ar
y
en
er
gy

so
ur
ce

E
le
ct
ri
ci
ty

ge
ne
ra
tio

n
te
ch
no

lo
gy

L
C
O
E
��

[U
S
D
/k
W
h]

C
ar
bo

n
fo
ot
pr
in
t��

�
[k
gC

O
2
eq
/k
W
h]

L
an
d
fo
ot
pr
in
t��

��
[k
m

2
/T
W
hr
]

(A
re
a
of

D
ir
ec
t

F
oo

tp
ri
nt
)

W
at
er

co
ns
um

pt
io
n�

��
[m

3
/M

W
h]

N
uc
le
ar

en
er
gy

N
uc
le
ar

po
w
er

pl
an
ts

0.
03

1–
0.
08

7
a

0.
00

4
–
0.
01

2
–
0.
11

0
�b

0.
02

–
0.
13

–
0.
24

�f
5.
00
–
40

2.
78

�d

O
C
G
T
op

en
cy
cl
e
ga
s
tu
rb
in
e,
C
C
G
T
co
m
bi
ne
d
cy
cl
e
ga
s
tu
rb
in
e,
C
SP

co
nc
en
tr
at
ed

so
la
r
pa
ne
ls

a:
L
C
O
E
s
co
m
pu

te
d
sp
ec
ifi
ca
lly

fo
r
th
is
pa
pe
r
(u
si
ng

a
10

%
di
sc
ou

nt
ra
te
)

b:
S
ch
lo
m
er

et
al
.[
56

]
c:
A
ri
f
an
d
D
ou

m
an
i
[1
]

d:
M
ek
on

ne
n,

G
er
be
ns
-L
ee
ne
s
an
d
H
oe
ks
tr
a
[4
3]

e:
L
if
e
C
yc
le
A
ss
es
sm

en
t
(L
C
A
)
re
su
lts

de
ve
lo
pe
d
sp
ec
ifi
ca
lly

fo
r
th
is
pa
pe
r

f:
T
ra
in
or
,M

cD
on

al
d
an
d
F
ar
gi
on

e
[6
4]

g:
W
or
ld

E
ne
rg
y
R
es
ou

rc
es

[7
3]

*
N
ot

sp
ec
ifi
c
to

L
eb
an
on

**
T
he

le
ve
lis
ed

co
st
of

en
er
gy

(L
C
O
E
)o

fe
ac
h
te
ch
no

lo
gy

w
as

ca
lc
ul
at
ed

ba
se
d
on

th
e
fi
na
nc
ia
li
nd

ic
at
or
s
an
d
ca
pa
ci
ty
fa
ct
or
s
of

th
e
S
P
A
(T
ab
le
1.
2)

an
d
w
ith

ad
is
co
un

t
ra
te
of

10
%
.

**
*
C
ar
bo

n
an
d
w
at
er

fo
ot
pr
in
ts
w
er
e
es
tim

at
ed

fo
r
th
is
st
ud

y
by

th
e
au
th
or
s
us
in
g
th
e
S
im

aP
ro

lif
e
cy
cl
e
as
se
ss
m
en
ts
of
tw
ar
e
(V

8.
3.
0)

ba
se
d
on

th
e
E
co
in
ve
nt

3.
1
da
ta
ba
se
.T

he
im

pa
ct
as
se
ss
m
en
tm

et
ho

d
us
ed

is
R
eC

iP
e
M
id
po

in
t(
E
)V

1.
12

/W
or
ld
R
ec
ip
e
E
.C

ar
bo

n
fo
ot
pr
in
tw

as
ca
lc
ul
at
ed

us
in
g
IP
C
C
20

13
G
W
P
10

0a
V
1.
01

m
et
ho

d.
**

**
L
an
d
fo
ot
pr
in
ts
ha
ve

be
en

as
su
m
ed

to
be

th
e
di
re
ct
ly

im
pa
ct
ed

ar
ea
.

6 R. A. Farhat et al.



T
ab

le
1.
2

E
ne
rg
y
pe
rf
or
m
an
ce

da
ta
fo
r
th
e
S
us
ta
in
ab
ili
ty

P
er
fo
rm

an
ce

A
ss
es
sm

en
t
(S
P
A
)
fr
am

ew
or
k

E
co
no
m
ic
cr
ite
ri
a

E
nv
ir
on
m
en
ta
l
cr
ite
ri
a

T
ec
hn
ic
al
cr
ite
ri
a

S
oc
ia
l
cr
ite
ri
a

P
ri
m
ar
y

en
er
gy

E
ne
rg
y

co
nv
er
si
on

te
ch
no
lo
gy

C
ap
ita
l

co
st

[$
/k
W
]

F
ix
ed

O
&
M

[$
/M

W
/y
]

V
ar
ia
bl
e

O
&
M

[$
/M

W
/

y]
F
ue
l
co
st

[$
/M

W
h]

C
ar
bo
n

fo
ot
pr
in
t

[k
gC

O
2
eq
/

kW
h]

L
an
d

fo
ot
pr
in
t

[k
m

2
/

T
W
hr
]

W
at
er

co
ns
um

pt
io
n

[m
3
/M

W
h]

E
ffi
ci
en
cy

[%
]

F
le
xi
bi
lit
y

of
di
sp
at
ch

[%
]

C
ap
ac
ity

fa
ct
or

[%
]

S
oc
ia
l

ac
ce
pt
an
ce

[0
–
10
0]

E
m
pl
oy
m
en
t

[j
ob
s/
M
W
]

L
ig
ht

fu
el

oi
l

D
ie
se
lg
en
er
at
or
s

25
3–

79
0
h

28
,0
00

k
50
00

k
44
.3
1–

78
.9
7–

10
2.
84

p

0.
32
1
e

0.
12
–
0.
95

�f
0.
54

e
37

r
10
0
�n

31
r

32
.1
6�

�
2.
78

�v

O
C
G
T

11
01

�g
31
,5
70

–

33
,8
20

q
10
,6
80
–

12
,9
30

q
44
.3
1–

78
.9
7–

10
2.
84

p

1.
05
0
e

0.
12
–
0.
95

�f
7.
84

e
38

r
10
0
�n

54
r

39
.8
3�

�
2.
78

�v

C
C
G
T

62
7–

12
89

�b
29
,0
41

–

29
,9
75

q
17
,2
25
–

18
,1
59

q
44
.3
1–

78
.9
7–

10
2.
84

p

0.
64
7
e

0.
12
–
0.
95

�f
3.
60

e
44

r
10
0
�n

83
r

41
.7
7�

�
2.
78

�v

H
ea
vy

fu
el

oi
l

S
te
am

pl
an
ts

11
00

i
47
,1
80

–

51
,2
24

q
16
,1
76
–

20
,2
20

q
16
.3
–

50
.2
6–

70
.2
4
p

0.
81
4
e

0.
12
–
0.
95

�f
91
.8
4
e

39
r

10
0
�n

62
r

32
.9
4�

�
2.
78

�v

F
lo
at
in
g
ba
rg
es

0
1,
37
0,
00
0

w
0
�q

16
.3
–

50
.2
6–

70
.2
4
p

0.
81
4
e

0
91
.8
4
e

39
r

10
0
�n

62
r

38
.8
3�

�
2.
78

�v

N
at
ur
al
ga
s

C
C
G
T

62
7–

12
89

�b
29
,0
41

–

29
,9
75

q
51
25
–

60
59

q
14
.2
7–

26
.0
2–

44
.8
5
p

0.
41
7
e

0.
12
–
0.
95

�f
0.
70

e
59
.7

r
10
0
�n

89
r

56
.8
8�

�
2.
78

�v

H
yd
ro
po
w
er

H
yd
ro
el
ec
tr
ic

po
w
er

pl
an
ts

59
8–

86
87

�b
57
,2
00

–

71
,5
00

o
18
,9
21
–

20
,1
39
�q

0
0.
01
5
e

6.
45
–

16
.8
6–

86
.9
5
�f

29
.6
8
e

90
–
95

r
30

�n
25
–
63

r
75
.5
0�

�
7.
80
–
17
.0
0

–
22
.9
0
�s

(c
on

tin
ue
d)



T
ab

le
1.
2

(c
on

tin
ue
d)

E
co
no
m
ic
cr
ite
ri
a

E
nv
ir
on
m
en
ta
l
cr
ite
ri
a

T
ec
hn
ic
al
cr
ite
ri
a

S
oc
ia
l
cr
ite
ri
a

P
ri
m
ar
y

en
er
gy

E
ne
rg
y

co
nv
er
si
on

te
ch
no
lo
gy

C
ap
ita
l

co
st

[$
/k
W
]

F
ix
ed

O
&
M

[$
/M

W
/y
]

V
ar
ia
bl
e

O
&
M

[$
/M

W
/

y]
F
ue
l
co
st

[$
/M

W
h]

C
ar
bo
n

fo
ot
pr
in
t

[k
gC

O
2
eq
/

kW
h]

L
an
d

fo
ot
pr
in
t

[k
m

2
/

T
W
hr
]

W
at
er

co
ns
um

pt
io
n

[m
3
/M

W
h]

E
ffi
ci
en
cy

[%
]

F
le
xi
bi
lit
y

of
di
sp
at
ch

[%
]

C
ap
ac
ity

fa
ct
or

[%
]

S
oc
ia
l

ac
ce
pt
an
ce

[0
–
10
0]

E
m
pl
oy
m
en
t

[j
ob
s/
M
W
]

S
ol
ar

en
er
gy

U
til
ity

-s
ca
le

so
la
r
P
V

93
7–

25
63

�b
29
,4
00

q
0�
q

0
0.
04
0
e

12
.3
0–

15
.0
1–

16
.9
7
�f

2.
95

e
10
–
20

r
0
�n

20
r

84
.2
2�

�
18
.2
0–
33
.6
0

–
69
.8
0
�s

C
S
P
w
ith

st
or
ag
e

71
00

–

98
00

�a
48
,7
90

–

56
,7
90

�q
11
,6
80

�q
0

0.
00
9–

0.
02
7–

0.
06
3�

b

12
.9
7–

19
.2
5–

27
.9
6
�f

32
.7
8–

60
5.
56

�d
14
–
20

�o
50

�n
40
–
53

�o
81
.7
2�

�
7.
60
–
20
.8
0

–
36
.5
0
�s

C
S
P
w
ith

ou
t

st
or
ag
e

46
00

�a
48
,7
90

–

56
,7
90

�q
11
,6
80

�q
0

0.
00
9–

0.
02
7–

0.
06
3
�b

12
.9
7–

19
.2
5–

27
.9
6
�f

32
.7
8–

60
5.
56

�d
14
–
20

�o
0
�n

20
–
25

�o
81
.7
2�

�
7.
60

–
20
.8
0

–
36
.5
0
�s

W
as
te
an
d

bi
om

as
s

re
si
du
es

L
an
dfi

ll
ga
s

re
co
ve
ry

15
40

–

24
70

�j
16
9,
40
0–

49
4,
00
0

�o

20
,0
17
–

28
,0
23

�l
9.
9–
22

�o
0.
11
0–

0.
14
0
�u

38
.0
0–

77
.0
0
t

0.
22
–
5.
17

�d
25
–
36

�o
50

�n
60
–
90

�j
67
.8
3�

�
13
.2
0
�s

E
ne
rg
y
fr
om

w
as
te
co
m
bu
s-

tio
n
pl
an
ts

20
00

–

54
00

–

77
70

�j

41
0,
32
0
�l

18
,4
15
–

20
,0
17

�l
16
.2
0–

29
.5
2
�o

0.
14
0–

0.
35
0
�u

0.
09
–
0.
39

�u
0.
22
–
5.
17

�d
23
–
25

�o
50

�n
80
–
85

�j
67
.8
3�

�
13
.2
0
�s

W
in
d

en
er
gy

O
ns
ho
re

w
in
d

tu
rb
in
es

12
00

–

29
90

�b
31
,2
21

–

44
,8
00

q
0–
13
,5
79

q
0

0.
01
9
e

0.
34
–
1.
31
–

1.
37

�f
0.
42

e
35
–
44

�q
0
�n

27
r

77
.1
6�

�
6.
50
–
12
.8
8

–
27
.7
0
�s

O
ff
sh
or
e
w
in
d

tu
rb
in
es

37
00

–

59
33

�b
15
,6
30

–

13
0,
42
0

�o

0–
58
,4
11

q
0

0.
01
9
e

0
0.
42

e
36
–
45

�q
0
�n

40
–
48

�q
81
.4
4�

�
18
.3
0
�s

G
eo
th
er
m
al

en
er
gy

H
yd
ro
th
er
m
al

po
w
er

pl
an
ts

15
00

–

66
25

�b
86
,1
90

–

18
4,
34
0

�o

0
�q

0
�q

0.
06
0
e

2.
14
–
5.
14
–

10
.9
6
�f

13
.5
5
e

12
�m

30
�n

87
–
95

�q
65
.5
5�

�
7.
23
–
11
.1
0

�s



N
uc
le
ar

en
er
gy

N
uc
le
ar

po
w
er

pl
an
ts

18
00

–

62
15

�b
70
,0
60

–

93
,7
70

�q
14
16
–

56
94

�q
2.
66
–

3.
13

�b
0.
00
4–

0.
01
2–

0.
11
0
�b

0.
02
–
0.
13
–

0.
24

�f
5.
00
–
40
2.
78

�d
33

�q
10

�n
89
–
90

�q
51
.3
8�

�
16
.5
5
�v

a:
T
he

G
ua
rd
ia
n
[6
2]

b:
IE
A

[2
9]

c:
B
ou
ri
,E

lie
;
E
l
A
ss
aa
d
[4
]

d:
M
ek
on
ne
n,

G
er
be
ns
-L
ee
ne
s
an
d
H
oe
ks
tr
a
[4
3]

e:
L
C
A
re
su
lts

de
ve
lo
pe
d
sp
ec
ifi
ca
lly

fo
r
th
is
pa
pe
r

f:
T
ra
in
or
,M

cD
on
al
d
an
d
F
ar
gi
on
e
[6
4]

g:
E
IA

[1
0]

h:
T
or
re
ro

[6
3]

i:
B
us
in
es
s
N
ew

s
[5
]

j:
W
or
d
E
ne
rg
y
C
ou
nc
il
[7
2]

k:
G
ha
dd
ar

m
ac
hi
ne
ry
,l
oc
al
P
G

m
an
uf
ac
tu
re
r

l:
E
IA

[1
1]

m
:
Z
ar
ro
uk

an
d
M
oo
n
[7
5]

n:
H
ir
sc
hb
er
g
et
al
.[
25

]
o:

IR
E
N
A

[3
0]

p:
E
IA

[9
]

q:
N
R
E
L
[5
1]

r:
K
ab
ak
ia
n
[3
3]

s:
IR
E
N
A

[3
2]

t:
A
ri
f
an
d
D
ou
m
an
i
[1
]

u:
W
or
ld

E
ne
rg
y
R
es
ou
rc
es

[7
3]

v:
R
ut
ov
itz

an
d
D
is
cl
ai
m
er

[5
6]

�N
ot

sp
ec
ifi
c
to

L
eb
an
on

��
Q
ua
lit
at
iv
e
in
di
ca
to
rs
de
ri
ve
d
fr
om

a
su
rv
ey

th
at
ev
al
ua
te
d
th
e
so
ci
al
ac
ce
pt
an
ce

of
th
e
st
ud
ie
d
en
er
gy

te
ch
no
lo
gi
es

by
pe
op
le
w
ho

liv
e
or

liv
ed

in
L
eb
an
on
.O

ut
of

th
e
73

pa
rt
ic
ip
an
ts
,m

or
e
th
an

70
%

w
er
e

18
–
34

ye
ar
s
ol
d,

st
ud
en
ts
or

em
pl
oy
ed
,5

0%
w
er
e
fr
om

B
ei
ru
t,
an
d
70
%

w
er
e
m
al
e.
M
os
to

f
th
e
re
sp
on
de
nt
s
de
cl
ar
ed

to
ha
ve

m
od
er
at
e
to

ad
va
nc
ed

kn
ow

le
dg
e
of

po
w
er

sy
st
em

s
an
d
el
ec
tr
ic
ity

-g
en
er
at
in
g

op
tio

ns
,i
m
pl
yi
ng

th
at
so
ci
al
ac
ce
pt
an
ce

re
su
lts

re
fl
ec
ta

w
el
l-
re
so
ur
ce
d
an
d
kn
ow

le
dg
ea
bl
e
po
ol

of
re
sp
on
de
nt
s.
T
he
ir
aw

ar
en
es
s
ca
n
be

de
cl
ar
ed

as
m
od
er
at
el
y
to

w
el
la
w
ar
e
of

th
e
cu
rr
en
t
si
tu
at
io
n
of

th
e

L
eb
an
es
e
el
ec
tr
ic
ity

sy
st
em

,
w
hi
ch

sh
ow

s
to

w
ha
t
ex
te
nt

th
e
cu
rr
en
t
el
ec
tr
ic
ity

si
tu
at
io
n
af
fe
ct
s
th
e
pu
bl
ic
.
A
ll
pa
rt
ic
ip
an
ts

ra
te
d
ea
ch

te
ch
no
lo
gy

ba
se
d
on

ho
w

th
ey

pe
rc
ei
ve

its
no
is
e
le
ve
l,
vi
su
al

im
pa
ct
s,
he
al
th

an
d
sa
fe
ty
,a
nd

re
lia
bi
lit
y
to

be
an
d
ho
w
to
le
ra
nt

th
ey

ar
e
of

it
be
in
g
in

th
e
pr
ox
im

iti
es

of
th
ei
r
dw

el
lin

gs
.T

he
re
sp
on
de
nt
s’
ov
er
al
ll
ev
el
of

ac
ce
pt
an
ce

to
w
ar
d
ea
ch

te
ch
no
lo
gy

is
di
sp
la
ye
d
in

th
is
ta
bl
e



The applied model accounts for the performance uncertainties by performing a
Monte Carlo selection. In each of the 300,000 selection rounds, random values are
generated from the ranges in performance values, if existent (Tables 1.1 and 1.2). In
contrast to Hadian and Madani [38], who considered uniform probability distribu-
tions for Monte Carlo selection, this study assumes a truncated normal distribution
when the median is close to the mean or a log-normal distribution when median
differs from the mean significantly, following the same approach as Ristic et al.
[55]. This reduces the biases of skewed distributions. For example, the land footprint
of hydroelectric plants has a long-tailed range. Using a uniform distribution would
result in a median that is significantly bigger and might unfairly penalize this
technology. Once the MC-MCDM rankings under each MCDM method are deter-
mined, the aggregate performance index (API) is used to calculate the overall
performance value of each energy technology relative to one another under each
assessment method. API [54] sums the ranks of an energy technology attained under
each MCDM framework by utilizing the following equation:

APIi ¼ 100� C � N � Bi

N C � 1ð Þ
� �

ð1:1Þ

where C is the number of alternatives, N is the number of MCDMmethods, and Bi is
the sum of the scores (ranks) given to each energy alternative i by different MCDM
methods. The index values range from 0, i.e., absolute worst relative performance, to
100, i.e., absolute best relative performance. For further details on the SoS modeling
approach applied in this chapter, readers are referred to as Hadian and Madani, [38]
and Ristic et al. [55].

1.2.1 Weights Assigned to REA’s Indicators

The natural and economic resource availability of a region can greatly influence the
relative desirability of electricity supply alternatives within the region. For instance,
given Lebanon’s increasing water scarcity, highly water-consumptive energy
options might not be really desirable for the country. To support this premise, the
four REA criteria must be weighed with respect to the regional resource availability
(or use intensity) [22, 55]. Here, Lebanon’s carbon emission per capita [69],
freshwater withdrawal as a percentage of total renewable water resources [70],
available land per capita [71], and GDP with purchasing power parity (PPP) [71]
were used as the basis for criteria weighting.

Following Ristic et al. [55] and Mahlooji et al. [42], to calculate the weight, the
country’s position within a worldwide benchmark is considered under each indica-
tor. The benchmark values are split into five 20th percentile ranges. Each percentile
group is given a score from 1 (presenting nations with the largest resource availabil-
ity) to 5 (presenting nations with the lowest resource availability), reflecting the

10 R. A. Farhat et al.



desirability of resources for a country. The relative weight of each criterion is then
normalized with respect to the sum of the scores across the four criteria.

It is worth noting that the performance of GDP PPP and available land areas are
evaluated relative to a reversed scale in comparison to water withdrawal and carbon
emission. For example, the lower the freshwater withdrawal of a country, the lower
the water use to availability ratio of the nation. This means lower weight is assigned
to water resources and energy technologies with higher water use have higher
desirability. In contrast, the lower the GDP PPP, the less the economic power a
country would have, thus a higher weight will be assigned to economic cost. This
means that the country has to reduce the share of capital intensive alternatives as
their undesirability increases. Figure 1.1 illustrates the performance of Lebanon
under the weighting criteria considered here with respect to the global benchmarks.

Fig. 1.1 Resource availability across Lebanon relative to the global benchmark and the associated
criteria weights for REA

1 A Multi-attribute Assessment of Electricity Supply Options in Lebanon 11



1.2.2 Weights Assigned to SPA’s Indicators

A sustainable electricity supply technology would contribute to mitigating the
nation’s most important existing and future energy issues. Thus, each of the consid-
ered 12 sustainability criteria (Table 1.2) and their respective impacted systems
(economic, environmental, technical, and social) are attributed weights in accor-
dance to their performance with respect to the energy sustainability challenges they
each portray. Consumers at both industrial and domestic levels, private diesel
generator companies, and fuel supplier firms were interviewed and used in the
prioritizing the energy challenges in this research. Using their input, indicator
weights were determined to balance conflicting priorities, improve social accep-
tance, and ensure buy-in of decision-makers.

A two-level Analytical Hierarchy Process (AHP) MCDM model [60] incorpo-
rated the judgments of nine governmental representatives, seven target groups
(industrial, private power generator, and fuel companies), and 12 influencers (aca-
demia and environmental NGOs). They were contacted with information on the
study, definition, and explanation of the 12 sustainability criteria, along with a
justification of their association and role to Lebanon’s energy sustainability chal-
lenges. The AHP method then evaluated each stakeholder’s viewpoint of the relative
impact of 1) the higher level sustainability dimensions among each other and 2) the
12 lower level criteria. Each stakeholder’s response contributed equally to the final
weights. Figures 1.2 and 1.3 show the resulting weights.

All three groups ranked fuel cost as the most important criterion and the economy
as the most impacted system. This reflects the significant detriment that expensive oil

Fig. 1.2 Weights reflecting the stakeholder groups’ viewpoints of sustainability priorities
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has on Lebanon’s economy, a region where 93% of its electricity generation mix
relies on imported fuel and dwelling’s private backup generators [36]. A significant
amount of government subsidies are handed yearly to EDL, reaching between $1 and
2 billion yearly, depending on the price of oil, absorbing 2–6% of the country’s GDP
[12]. This, in turn, has lowered the social acceptance of oil-based generation. Other
criteria weights tend to slightly vary across the groups of stakeholders. Figure 1.4
presents the final weight used in the SPA. These were computed by multiplying the
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Fig. 1.4 Final indicator
weights for SPA based on
stakeholders’ inputs

Fig. 1.3 Weights reflecting the stakeholders’ viewpoint of the most impacted systems by the
Lebanese electricity sector
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average of each lower level weight determined by the stakeholders by the average of
their higher level weights.

1.3 Results

1.3.1 Aggregate Performance of Electricity Generation
Technologies Under the REA Framework

Figure 1.5 illustrates the outcomes of the four indicator-based REA. The ranking is
based on country-specific weights reflecting Lebanon’s resource availability. Once
more, the higher the API score, the higher the efficiency (desirability) of the
technology is in its use of Lebanon’s resources for energy production.

Figure 1.5 demonstrates that no relative ultimate best (score ¼ 100) or worst
(score ¼ 0) energy technology option exists for Lebanon. The low land footprint of
waste combustion technologies and offshore wind and the high land footprint of CSP
and onshore wind, together with the low land resource availability in the country,
lead to their high and low desirability across Lebanon. CSP and onshore wind can,
therefore, have long-term impacts on local resources. Steam plants, OCGTs, and
floating barges stand among the least desirable alternatives. Interestingly, even with
their assumed null land footprints, floating barges have an undesirable performance.
On top of their high water and carbon footprints, their significantly high LCOE
means there is a high economic drain of the national budget that can be expected. As

Fig. 1.5 REA scores of electricity supply alternatives for Lebanon
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they make up a large share of current and planned energy mixes, this SoS evaluation
demonstrates their undesirable effect on the nation’s economic and carbon resources.
However, full objection to fossil fuel may not be optimal at this stage of Lebanon’s
development, as natural gas and private light fuel oil have relatively high perfor-
mances. Thus, they might be included in a resource-use efficient energy mix for
Lebanon in the future.

1.3.2 Aggregate Performance of Electricity Generation
Technologies Under the SPA Framework

Figure 1.6 shows the SPA results when weights are assigned to the 12 considered
indicators. Lower/higher API of technology reflects its lower/higher desirability in
overcoming Lebanon’s energy sustainability challenges. Based on this figure, no
relatively absolute best (score ¼ 100) or worst (score¼ 0) energy technologies exist
for Lebanon. Non-fossil-fuelled energy sources tend to be desirable, except for CSP
technologies and waste-based technologies. The former performs weakly across the
environmental, economic, and technical dimensions. Waste to energy’s relatively
low performance stems from its high economic impacts in a country where the
energy sector absorbs a large portion of the GDP. Landfill to energy’s even lower
performance is rooted in its very high land footprint and relatively high O&M costs.
In parallel, all fossil fuel technologies are undesirable, except for the lower

Fig. 1.6 SPA scores of electricity supply alternatives for Lebanon
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carbon-emitting natural gas. Oil-based energy options signify the biggest share of
Lebanon’s current energy mix and future national energy plans, which can jeopar-
dize Lebanon’s energy sustainability and security.

In comparison to the REA framework, hydropower’s desirability increases when
social dynamics, technical performance, and local stakeholders’ perspectives are
taken into account. The SPA rewards its high technical performance in comparison
to other renewable technologies, namely, its higher capacity factor and flexibility of
dispatch. It has also no fuel costs and the low-carbon emission value (based on the
life cycle calculations and assumptions here). These four criteria are also assigned
the highest assigned weights in this framework.

A more desirable portfolio includes high shares of onshore wind, solar photovol-
taic, natural gas CCGT, hydropower and geothermal, and minimal shares of light
fuel oil OCGT, floating barges, and CSP technologies. Recent research has shown
that the carbon emissions of hydropower might be higher than perceived [8]. In that
case, the desirability of hydropower would be lower in Lebanon.

To appreciate the impact of national priorities and energy plan’s objectives in the
determination of how the desirability of energy sources vary, five weighting sensi-
tivity analysis scenarios are used, each having different criteria weights as shown in
Table 1.3. Four scenarios represent energy plans that prioritize the economic,
environmental, technical, or social dimension, respectively. The last case represents
a plan where equal priorities are given to each dimension. For the first four
sensitivity cases, weights are set in such a way that the prioritized dimension’s
criteria would receive 80% of total weights (equally weighted), with the rest 20%
distributed equally among the other criteria.

Here, the least-cost energy plan exposes traditional energy plans that focused on
implementing the cheapest energy alternatives with a mix, regardless of their
impacts on the environment or society. Environmental plans represent the emerging
plans to mitigate energy sectors’ impacts on global warming, natural resource
depletion, and air pollution. Technical plans reflect the plans that focus on deploying
the most efficient energy technologies and most optimal energy systems that can
balance supply and demand at all time. Social energy plans represent the plans that
drive employment and social well-being.

Figure 1.7 shows the impact of shifts in energy plan objectives on the desirability
of electricity generation technology. In general, renewable energy becomes unde-
sirable in a technical energy plan because of their relatively low efficiency, capacity
factor, or high intermittency [16, 50], leaving a way to more flexible and reliable
fossil fuels with more mature technologies. Innovation in these three factors would
enhance their desirability. Implementation of a storage facility may also temper the
situation, as observed with CSP. However, this would be costly. In contrast, renew-
ables are all desirable in the social plan, thanks to large public acceptance. All fossil-
fuel-based technologies suffer from public disapproval and low level of employment
as jobs are being increasingly allocated to the “green” energy sector leading to
their low performance in the social scenario [32]. All renewables are relatively
desirable in the environmental scenario, contrary to land- and water-intensive CSP
technologies.

16 R. A. Farhat et al.
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Based on the numbers used in this study (Table 1.2), even the least-cost energy
plan (scenario) gives privilege to natural gas CCGT, geothermal, onshore wind, and
solar PV. The reason behind this is the poor performance of the oil-fired energy
options, which form the highest share of the current portfolio, due to high O&M and
fuel costs. Floating barges do not offer a better alternative because of their drastically
higher fuel costs and fixed O&M. On the other hand, CSP and waste combustion
technologies are even worse, as their capital and O&M costs are high. However,
these new technologies can still expect technological and operational improvements.

The equal priority plan gives equal significance to the most and least pressing
energy-related issues in Lebanon. Private diesel generators are more desirable in this
plan than in the assessment done by the stakeholders. The difference between the
results implies that this technology would become undesirable when the country’s
energy challenges are considered more carefully, underlining the importance of
considering local characteristics and dynamics in devising energy plans. Solar PV,

Fig. 1.7 Desirability of different energy generation options under different sensitivity analysis
scenarios. The center point indicates an API of 0 (less desirable), the edge returns a score of
100 (more desirable)
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natural gas, and wind technologies have robust desirability as they have the highest
APIs both when regarding and disregarding local characteristics, respectively, in the
stakeholder assessment and in this scenario.

1.4 Discussion

1.4.1 Variations Between API Scores Under the REA
and SPA Frameworks

The Lebanese energy transition must overcome current energy challenges while
averting undesired secondary impacts of energy development on society and valu-
able natural and economic resources. Lebanon needs an energy mix which is
resource-use efficient and at the same time, it is simultaneously resilient against
current and future energy challenges.

Figure 1.8 illustrates the differences in the desirability of electricity supply
alternatives in REA and SPA. Rankings of the energy alternatives differ under the
two frameworks considered. This reflects the impact of the considered criteria and
performance information on the desirability of energies. The difference also shows
that the energy that might be desirable from the resource efficiency standpoint might
not be desirable when some other criteria (e.g., social) are brought into the decision-
making.

Fig. 1.8 Differences in ranks, trends, and desirability of energy technologies under the SPA and
REA frameworks
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As shown in Fig. 1.8, some technologies saw their ranks strongly change from
one framework to another, underlying the required areas for improvement in per-
formances. Strikingly, the rank of onshore wind was strongly penalized in the REA
assessment in comparison to SPA as a result of its large land footprint. This criterion
was assigned the highest weight under REA, reflecting the country’s scarce land
resources. Due to its low carbon, energy plans are now more focused on expanding
its exploitation. Nevertheless, large-scale penetration of this energy might result in it
aggravating local land availability challenges as well as ecological and landscape
impacts, which emphases the need to develop energy deployment plans more
carefully until technical improvements arise.

Including social dynamics, technical performances, and stakeholder perspectives
into the SPA have penalized ranks of the fossil fuel technologies that make up the
country’s current energy mix while making natural gas more desirable. The three
added dimensions have also put waste-based technologies at a disadvantage,
highlighting the need to improve their social impacts, high O&M costs, and technical
efficiencies.

Results demonstrate that the inclusion of social elements in the SPA has a major
influence on the overall desirability. Indeed, the poor social perception of waste, the
expensive blackout of diesel generation, and the low job creation potential and low
performance of the current oil-based mix penalized their ranks in the SPA in
comparison to the REA. Moreover, the energy system cannot overlook technical
issues. Managing intermittent renewable energy is challenging and that penalizes the
aggregate performance of these technologies in the SPA.

Among the medium to highly desirable technologies in both frameworks
(Fig. 1.8) stand offshore wind, solar PV, geothermal, natural gas, nuclear, and
hydropower. This reflects their robustness against worsening local energy challenges
and depleting scare local resources, therefore their high desirability for a resource-
efficient and sustainable energy future in Lebanon.

The substitution of oil with the more desirable natural gas option can be leverage
to shift to a sustainable energy future due to a simpler conversion of existing
oil-powered plants. If important quantities of natural gas were to ever be drilled
from Lebanon’s identified 122 trillion cubic feet offshore reserves [57], investments
into gas terminals and an extensive gas transport and supply infrastructure can be
attractive. It can both facilitate the expansion of the sector and enable the introduc-
tion of hydrogen and power to gas sectors in a longer term.

If managed properly and securely, nuclear is a relatively desirable energy option
to alleviate Lebanon’s power shortages challenges, satisfy its decarbonization goals,
and improve its sustainability and resource-use efficiency. It can be considered
when, or if ever, Lebanon experiences a stable and secure economic and political
environment to reduce safety risks, planning time, and consequently improve social
acceptance.

Some desirable renewable energy technologies are still at the lowest of their
readiness level for large-scale deployment. For geothermal power in particular, and
as per the recommendations of the Geothermal Power Assessment of Lebanon [66],
a few demonstration projects in the key identified hot spots are required to further
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validate the potential of this resource, determine its full capacity for power contri-
butions, and contribute to its production cost reductions. Investments in utility-scale
solar PV can reduce impacts on water and climate resources while creating employ-
ment opportunities and promoting social well-being. It can further improve energy
security and independence from imported fuel. While hydropower seems desirable
for Lebanon, land-intensive large-scale hydropower can disturb local ecosystems
and negatively impact scarce water resources. Existing hydropower plants could be
rehabilitated, and small-hydro projects could be developed to avoid extra-economic
and environmental costs of new large-scale projects.

The technologies that lie within the medium to low API categories in both
frameworks (Fig. 1.8) portray options that are unsustainable and inappropriate
for a Lebanese energy future based on the assumptions used in this study and
current state of technology. These include HFO steam plants, OCGTs, CSP
technologies, and landfill gas to energy technologies. This implies the need to
steer away from the first two technologies in Lebanon’s energy mix. Also, fore-
going the targets on the other two energies in Lebanon’s future energy plans could
be beneficial for the nation, until technological improvements render these tech-
nologies more resource-use efficient. However, one must note that forming syner-
gies between the energy and waste sectors could improve mutual benefits in
tackling Lebanon’s energy and waste disasters. Although results have demon-
strated the low desirability of land-intensive landfills, policies may consider
restricting the development of new landfills but encouraging energy valorization
in existing ones while improving social perception.

New policies, policy reforms, and subsidized incentive mechanisms—i.e., Feed-
in tariffs—that support the identified desirable renewable energy technologies are
recommended. Creating the ripe environment for investments in these technologies
and the involvement of the private sector through public–private partnerships can
lead to more effective integration of these energy systems. Investing in the grid
infrastructure to cater for the “paradigm” shift toward distributed low-carbon power
generation and distribution and creating the long-term, stable, and transparent legal
environment will assist in lowering the long-term power purchasing prices of these
technologies [33]. The latter could further be improved through securing long-term
guarantees and soft financing from international financial institutions to counter
political risks in Lebanon.

1.4.2 Limitations

The study develops conclusions to support and guide energy decision-makings in
Lebanon and highlights the importance of a holistic approach in energy assessments.
Similar to other models, the nexus frameworks used in this study have limitations
that can be tackled in the future. Further research could concentrate on expanding the
SoS applications in Lebanon’s energy desirability studies to include both the targets
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and the demand-side considerations [49] in the analysis. Future research could as
well not be limited to utility-scale technology options but include decentralized
options and consider electricity sector reforms such as deregulation or feed-in tariffs
as a necessary requirement for greater renewable energy penetration.

The framework utilized in this chapter considers each technology indepen-
dently. The outcomes demonstrate that while desirability matters, there is no
“one ultimate” technology that can become the solution to a sustainable electricity
mix. Instead, the results call for a diversified energy portfolio where a range of
alternatives are selected based on their desirability against the local resource
conditions of each country [22]. The decarbonization targets of Lebanon call for
disregarding the rich fossil fuels reserves of the country, while the impacts of
renewables on other valuable resources should not be overlooked for the purpose
of reducing emissions. Thus, an electricity mix is needed with varying contribu-
tions from both renewables and conventional sources based on their desirability. In
future studies, feasibility could also be taken into consideration following the
desirability assessment. If a technology is desirable but not readily available,
then it simply cannot become part of a diversified portfolio of a country. Transition
pathways can also be considered in future studies. The dynamics of energy
development is complex and can be very political. Therefore, a detailed transition
pathway to a more sustainable mix is needed that considers the practical complex-
ities of energy adoption and reforms. Transition analysis helps capture deployment
limitations of energy options and consequently convey the impact of sustainable
alternatives on the energy system more extensively.

Results are highly sensitive to the input variables. The selection of indicators and
weighting systems are to some extent subjective, and performance data can differ
among sources or might be computed according to a subjective method when data
are lacking. Thus, the results are by no means certain. But they provide very valuable
insights.

Land footprint has been taken as the “area of direct impact” in this study,
portraying the direct footprint, i.e., the area directly impacted by the technology.
Another land use indicator, the “landscape level indicator,” represents the total
area needed, as a “conservative indicator of the area experiencing ecological
impacts, which can extend beyond the project boundary of any particular energy
development” [64], in line with the concept of the life cycle-based energy produc-
tion impact of this study. Additionally, water calculations in this study consider
only water use (mainly blue water) which differ from water footprint, considered to
be the total amount of freshwater used for the production of various products
[26, 27, 39]. Future studies could also evaluate technology desirability relatively to
life cycle-based indicators as to account for additional ecological footprint of land,
water, and carbon impacts. Future research could also try to incorporate the
unaccounted practical limitations such as baseload supplies, storage abilities,
available fuels, and needs for optimal system operation across a range of
technologies.
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1.5 Conclusion

The study has generated unique sets of results based on two parallel System of
Systems (SoS) frameworks—the Resource Efficiency Assessment (REA) and the
Sustainability Performance Assessment (SPA)—that together try to provide insights
into sustainable energy development in Lebanon. While they demonstrate that not all
renewables can be considered as equally “green”, outcomes offer insight into
determining the optimal sustainable energy mix of renewable and nonrenewable
electricity-generating alternatives. The results also revealed the policies and tech-
nologies that can potentially lead to secondary impacts and unintended
consequences.

For an energy transition that resolves current energy challenges while averting
undesired impacts on valuable economic and natural resources, Lebanon could:

• Adopt desirable offshore wind, geothermal, and solar PV while apprehending
trends in global technological improvements;

• Consider the desirability of nuclear energy and incorporate it only conditionally
to management with high security, transparent decision-making, improved social
acceptance, and appeasement of political deadlocks;

• Rehabilitate existing hydropower plants and develop small hydropower projects
while avoiding the construction of new large hydropower reservoirs;

• Steer away from its current oil-based generations, namely, its light fuel oil
OCGTs and CCGTs and heavy fuel oil floating barges and steam plants, and
gradually substitute them with natural gas and more desirable renewable
energies;

• Forgo the development of immature renewable energy technologies that can have
significant unintended consequences until technological developments portray
these technologies to be more desirable;

• Form synergies with the waste sector to enhance social acceptance of waste,
valorize energy solely from existing landfills, and consider energy from waste
options.

Caveat Parts of this chapter have been reproduced from a master’s dissertation report of Romy
Abou Farhat at Imperial College London.

References

1. S. Arif, F. Doumani, Cost Assessment of Solid Waste Degradation in BEIRUT and MOUNT
LEBANON (2014), Available at: http://earthmind.org/files/coed/04-COED-Lebanon-
SolidWaste.pdf. Accessed 28 June 2017

2. G. Benoit, A. Comeau, A Sustainable Future for the Mediterranean: The Blue Plan’s Environ-
ment and Development Outlook (Earthscan, 2005). Available at: goo.gl/yEydzs%0A. Accessed
14 Aug 2017

3. A. Bhaduri et al., Sustainability in the water–energy–food nexus, in Water International,
(2015). https://doi.org/10.1080/02508060.2015.1096110

1 A Multi-attribute Assessment of Electricity Supply Options in Lebanon 23

http://earthmind.org/files/coed/04-COED-Lebanon-SolidWaste.pdf
http://earthmind.org/files/coed/04-COED-Lebanon-SolidWaste.pdf
https://doi.org/10.1080/02508060.2015.1096110


4. E. Bouri, J. El Assaad, ‘The Lebanese Electricity Woes: An Estimation of the Economical Costs
of Power Interruptions (2016), Available at: http://www.mdpi.com/1996-1073/9/8/583

5. Business News, New power plant to replace the one in Jiyyeh. Estimated cost: $500 million for
450 MW (2016), Available at: http://www.businessnews.com.lb/cms/Story/StoryDetails.aspx?
ItemID¼5474. Accessed 21 Aug 2017

6. C.W. Churchman, R.L. Ackoff, An approximate measure of value. J. Operat. Res. Soc.
Am. 2 (1954)

7. H.I. Cobuloglu, İ.E. Büyüktahtakın, A stochastic multi-criteria decision analysis for sustainable
biomass crop selection. Expert Syst. Appl. 42(15–16), 6065–6074 (2015). https://doi.org/10.
1016/j.eswa.2015.04.006

8. B.R. Deemer et al., Greenhouse gas emissions from reservoir water surfaces: A new global
synthesis. BioScience. Narnia 66(11), 949–964 (2016). https://doi.org/10.1093/biosci/biw117

9. EIA, Annual Energy Outlook 2016 with Projections to 2040 (2016a), Available at: https://www.
eia.gov/outlooks/aeo/pdf/0383(2016).pdf. Accessed 23 July 2017

10. EIA, Capital Cost Estimates for Utility Scale Electricity Generating Plants (2016b), Available
at: https://www.eia.gov/analysis/studies/powerplants/capitalcost/pdf/capcost_assumption.pdf.
Accessed 26 June 2017

11. EIA, Cost and Performance Characteristics of New Generating Technologies, Annual Energy
Outlook 2017 (2017), Available at: https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.
2.pdf. Accessed 21 Aug 2017

12. G. El-Jamal et al., Technical feasibility study of solar-pumped hydro storage in Lebanon, in
International Conference on Renewable Energies for Developing Countries 2014, (IEEE,
2014), pp. 23–28. https://doi.org/10.1109/REDEC.2014.7038525.

13. P.C. Fishburn, Decision and value theory. Biometrische Zeitschrift. WILEY-VCH Verlag 9(3),
202–203 (1964). https://doi.org/10.1002/bimj.19670090307

14. D. Gallego Carrera, A. Mack, Sustainability assessment of energy technologies via social
indicators: Results of a survey among European energy experts. Energy Policy 38(2),
1030–1039 (2010). https://doi.org/10.1016/j.enpol.2009.10.055

15. L. Gaudard, M. Gilli, F. Romerio, Climate change impacts on hydropower management. Water
Res. Manag. Springer Netherlands 27(15), 5143–5156 (2013). https://doi.org/10.1007/s11269-
013-0458-1

16. L. Gaudard, K. Madani, Energy storage race: Has the monopoly of pumped-storage in Europe
come to an end? Energy Policy. Elsevier 126, 22–29 (2019). https://doi.org/10.1016/J.ENPOL.
2018.11.003

17. G. of L. GoL (2018) Capital Investment Programme Report. Available at: http://www.pcm.gov.
lb/Admin/DynamicFile.aspx?PHName¼Document&PageID¼11231&published¼1. Accessed
27 Aug 2018

18. M. Guégan, C.B. Uvo, K. Madani, Developing a module for estimating climate warming effects
on hydropower pricing in California. Energy Policy. Elsevier 42, 261–271 (2012). https://doi.
org/10.1016/J.ENPOL.2011.11.083

19. S. Hadian et al., Toward more efficient global warming policy solutions: The necessity for
multi-criteria selection of energy sources, in World Environmental and Water Resources
Congress 2012, (American Society of Civil Engineers, Reston, 2012), pp. 2884–2892. https://
doi.org/10.1061/9780784412312.289

20. S. Hadian, A Systems Approach To Sustainable Energy Portfolio Development (2013)
21. S. Hadian et al., The water demand of energy: Implications for sustainable energy policy

development. Sustainability. Multidisciplinary Digital Publishing Institute 5(11), 4674–4687
(2013). https://doi.org/10.3390/su5114674

22. S. Hadian et al., Sustainable energy planning with respect to resource use efficiency: Insights for
the United States, in World Environmental and Water Resources Congress 2014, (American
Society of Civil Engineers, Reston, 2014), pp. 2066–2077. https://doi.org/10.1061/
9780784413548.207

23. S. Hadian, K. Madani, A system of systems approach to energy sustainability assessment: Are
all renewables really green? Ecol. Ind. Elsevier Ltd 52, 194–206 (2015). https://doi.org/10.
1016/j.ecolind.2014.11.029

24 R. A. Farhat et al.

http://www.mdpi.com/1996-1073/9/8/583
http://www.businessnews.com.lb/cms/Story/StoryDetails.aspx?ItemID=5474
http://www.businessnews.com.lb/cms/Story/StoryDetails.aspx?ItemID=5474
http://www.businessnews.com.lb/cms/Story/StoryDetails.aspx?ItemID=5474
https://doi.org/10.1016/j.eswa.2015.04.006
https://doi.org/10.1016/j.eswa.2015.04.006
https://doi.org/10.1093/biosci/biw117
https://www.eia.gov/outlooks/aeo/pdf/0383(2016).pdf
https://www.eia.gov/outlooks/aeo/pdf/0383(2016).pdf
https://www.eia.gov/analysis/studies/powerplants/capitalcost/pdf/capcost_assumption.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://doi.org/10.1109/REDEC.2014.7038525.
https://doi.org/10.1002/bimj.19670090307
https://doi.org/10.1016/j.enpol.2009.10.055
https://doi.org/10.1007/s11269-013-0458-1
https://doi.org/10.1007/s11269-013-0458-1
https://doi.org/10.1016/J.ENPOL.2018.11.003
https://doi.org/10.1016/J.ENPOL.2018.11.003
http://www.pcm.gov.lb/Admin/DynamicFile.aspx?PHName=Document&PageID=11231&published=1
http://www.pcm.gov.lb/Admin/DynamicFile.aspx?PHName=Document&PageID=11231&published=1
http://www.pcm.gov.lb/Admin/DynamicFile.aspx?PHName=Document&PageID=11231&published=1
http://www.pcm.gov.lb/Admin/DynamicFile.aspx?PHName=Document&PageID=11231&published=1
http://www.pcm.gov.lb/Admin/DynamicFile.aspx?PHName=Document&PageID=11231&published=1
https://doi.org/10.1016/J.ENPOL.2011.11.083
https://doi.org/10.1016/J.ENPOL.2011.11.083
https://doi.org/10.1061/9780784412312.289
https://doi.org/10.1061/9780784412312.289
https://doi.org/10.3390/su5114674
https://doi.org/10.1061/9780784413548.207
https://doi.org/10.1061/9780784413548.207
https://doi.org/10.1016/j.ecolind.2014.11.029
https://doi.org/10.1016/j.ecolind.2014.11.029


24. H. Harajli, et al., Willingness to Pay for Renewable Energy: The Case of the Lebanese
Residential and Commercial Sectors (2015), Available at: http://www.cedro-undp.org/Con
tent/uploads/Publication/151001020846014~RenewableEnergyReport-HR.pdf. Accessed
19 July 2017

25. S. Hirschberg, et al. Sustainability of Electricity Supply Technologies Under German Condi-
tions: A Comparative Evaluation (2005), Available at: http://www.iaea.org/inis/collection/
NCLCollectionStore/_Public/36/108/36108754.pdf. Accessed 10 July 2017

26. A.Y. Hoekstra, Value of Water (2008), Available at: http://waterfootprint.org/media/down
loads/Report28-WaterNeutral.pdf. Accessed 31 Aug 2018

27. A.Y. Hoekstra, P.Q. Hung, Virtual Water Trade (2002), Available at: http://waterfootprint.org/
media/downloads/Report11.pdf. Accessed 31 Aug 2018

28. M. Howells et al., Integrated analysis of climate change, land-use, energy and water strategies.
Nat. Clim. Chang. 3(7), 621–626 (2013). https://doi.org/10.1038/nclimate1789

29. IEA, Projected Costs of Generating Electricity 2015 (2015), Available at: https://www.iea.org/
publications/freepublications/publication/ElecCost2015.pdf. Accessed 8 Jan 2018

30. IRENA, Renewable Power Generation Costs in 2014 (2015), Available at: www.irena.org.
Accessed 21 Aug 2017

31. IRENA, The Power to Change: Solar and Wind Cost Reduction Potential to 2025 (2016),
Available at: http://www.irena.org/DocumentDownloads/Publications/IRENA_Power_to_
Change_2016.pdf. Accessed 9 July 2017

32. IRENA, Renewable Energy and Jobs – Annual Review 2017 (2017), Available at: https://www.
irena.org/DocumentDownloads/Publications/IRENA_RE_Jobs_Annual_Review_2017.pdf.
Accessed 26 July 2017

33. V. Kabakian. De-risking green power (2017), Available at: http://www.executive-magazine.
com/economics-policy/de-risking-green-power. Accessed 23 July 2017

34. J.F. Khalil, Lebanon’s waste crisis: An exercise of participation rights. New Media Soc. 19(5),
701–712 (2017). https://doi.org/10.1177/1461444816686321

35. D. Larcher, J. Tarascon, Towards greener and more sustainable batteries for electrical energy
storage. Nat. Chem. 7(1), 19–29 (2014)

36. LCEC and MEW, The National Renewable Energy Action Plan for the Republic of Lebanon
(2016), Available at: www.lcec.org.lb. Accessed 13 Feb 2017

37. K. Madani et al., Social planner’s solution for the Caspian Sea conflict. Group Dec. Negot.
Springer Netherlands 23(3), 579–596 (2014). https://doi.org/10.1007/s10726-013-9345-7

38. K. Madani et al., Bargaining under uncertainty: A Monte-Carlo fallback bargaining method for
predicting the likely outcomes of environmental conflicts, in Conflict Resolution in Water
Resources and Environmental Management, (Springer International Publishing, Cham, 2015),
pp. 201–212. https://doi.org/10.1007/978-3-319-14215-9_11.

39. K. Madani, S. Khatami, Water for energy: Inconsistent assessment standards and inability to
judge properly. Curr. Sustain./Renew. Energy Rep. Springer International Publishing 2(1),
10–16 (2015). https://doi.org/10.1007/s40518-014-0022-5

40. K. Madani, J.R. Lund, A Monte-Carlo game theoretic approach for multi-criteria decision
making under uncertainty. Adv. Water Resour. 34, 607–616 (2011). https://doi.org/10.1016/j.
advwatres.2011.02.009

41. K. Madani, L. Read, L. Shalikarian, Voting under uncertainty: A stochastic framework for
analyzing group decision making problems. Water Res. Manag. Springer Netherlands 28(7),
1839–1856 (2014). https://doi.org/10.1007/s11269-014-0556-8

42. M. Mahlooji et al. The importance of considering resource availability restrictions in energy
planning: What is the footprint of electricity generation in the Middle East and North Africa
(MENA)?. Sci. Total Environ:135035 (2019)

43. M.M. Mekonnen, P.W. Gerbens-Leenes, A.Y. Hoekstra, The consumptive water footprint of
electricity and heat: A global assessment. Environ. Sci.: Water Res. Technol. 1(3), 285–297
(2015). https://doi.org/10.1039/C5EW00026B

44. A. Mirchi et al., World energy balance outlook and OPEC production capacity: Implications for
global oil security. Energies. Molecular Diversity Preservation International 5(8), 2626–2651
(2012). https://doi.org/10.3390/en5082626

1 A Multi-attribute Assessment of Electricity Supply Options in Lebanon 25

http://www.cedro-undp.org/Content/uploads/Publication/151001020846014~RenewableEnergyReport-HR.pdf
http://www.cedro-undp.org/Content/uploads/Publication/151001020846014~RenewableEnergyReport-HR.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/36/108/36108754.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/36/108/36108754.pdf
http://waterfootprint.org/media/downloads/Report28-WaterNeutral.pdf
http://waterfootprint.org/media/downloads/Report28-WaterNeutral.pdf
http://waterfootprint.org/media/downloads/Report11.pdf
http://waterfootprint.org/media/downloads/Report11.pdf
https://doi.org/10.1038/nclimate1789
https://www.iea.org/publications/freepublications/publication/ElecCost2015.pdf
https://www.iea.org/publications/freepublications/publication/ElecCost2015.pdf
http://www.irena.org
http://www.irena.org/DocumentDownloads/Publications/IRENA_Power_to_Change_2016.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_Power_to_Change_2016.pdf
https://www.irena.org/DocumentDownloads/Publications/IRENA_RE_Jobs_Annual_Review_2017.pdf
https://www.irena.org/DocumentDownloads/Publications/IRENA_RE_Jobs_Annual_Review_2017.pdf
http://www.executive-magazine.com/economics-policy/de-risking-green-power
http://www.executive-magazine.com/economics-policy/de-risking-green-power
https://doi.org/10.1177/1461444816686321
http://www.lcec.org.lb
https://doi.org/10.1007/s10726-013-9345-7
https://doi.org/10.1007/978-3-319-14215-9_11.
https://doi.org/10.1007/s40518-014-0022-5
https://doi.org/10.1016/j.advwatres.2011.02.009
https://doi.org/10.1016/j.advwatres.2011.02.009
https://doi.org/10.1007/s11269-014-0556-8
https://doi.org/10.1039/C5EW00026B
https://doi.org/10.3390/en5082626


45. MoE, Vulnerability and adaptation of coastal zones (2005), Available at: http://test.moe.gov.lb/
ClimateChange/pdf/SNC/d-Coastal Zones.pdf. Accessed 14 Aug 2017

46. MoE, Strategic environmental assessment for the new water sector strategy for Lebanon
(2010), Available at: http://www.moe.gov.lb/The-Ministry/Reports/STRATEGIC-ENVIRON
MENTAL-ASSESSMENT-FOR-THE-NEW-WAT.aspx?lang¼en-us. Accessed 8 Mar 2017

47. MoEW, Policy Paper for the Electricity Sector (2010).
48. MoEW, Hydropower electricity in Lebanon, in Beirut Energy Forum 2014 (Date 17/09/2014)

(ed.), (2014)
49. MoEW, The second national energy efficiency action plan for the republic of Lebanon (2016),

Available at: http://climatechange.moe.gov.lb/viewfile.aspx?id¼229. Accessed 18 Mar 2017
50. P. Moriarty, D. Honnery, Can renewable energy power the future? Energy Policy. Elsevier 93,

3–7 (2016). https://doi.org/10.1016/J.ENPOL.2016.02.051
51. NREL, Cost and Performance Assumptions for Modeling Electricity Generation Technologies

(2010), Available at: https://www.nrel.gov/docs/fy11osti/48595.pdf. Accessed 21 Aug 2017
52. OECD, Energy – OECD Green Growth Studies Energy (2011), Available at: https://www.oecd.

org/greengrowth/greening-energy/49157219.pdf. Accessed 27 Aug 2018
53. Y.a. Phillis, V.S. Kouikoglou, V. Manousiouthakis, A review of sustainability assessment

models as system of systems. IEEE Syst. J. 4(1), 15–25 (2010). https://doi.org/10.1109/
JSYST.2009.2039734

54. L. Read et al., Stakeholder-driven multi-attribute analysis for energy project selection under
uncertainty. Energy. Pergamon 119, 744–753 (2017). https://doi.org/10.1016/J.ENERGY.
2016.11.030

55. B. Ristic et al., The relative aggregate footprint of electricity generation technologies in the
European Union (EU): A system of systems approach. Res. Conserv. Recyc. Elsevier 143,
282–290 (2019). https://doi.org/10.1016/J.RESCONREC.2018.12.010

56. J. Rutovitz, S. H. Disclaimer, Calculating Global Energy Sector Jobs: 2012 Methodology
(2012), Available at: http://cfsites1.uts.edu.au/find/isf/publications/
rutovitzharris2012globalenergyjobsmethycalc.pdf. Accessed 21 Aug 2017

57. C.J. Schenk, Assessment of Undiscovered Oil and Gas Resources of the Levant Basin Province,
Eastern Mediterranean (2010), Available at: https://pubs.usgs.gov/fs/2010/3014/pdf/FS10-
3014.pdf. Accessed 8 Oct 2018

58. S. Schlomer et al., Annex III: Technology-specific cost and performance parameters, in Climate
Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, (2014), pp. 1329–1356.
doi: http://report.mitigation2014.org/report/ipcc_wg3_ar5_annex-ii.pdf

59. SEI, Cross-sectoral integration in the Sustainable Development Goals: A nexus approach
(2014), Available at: https://www.sei-international.org/mediamanager/documents/Publica
tions/Air-land-water-resources/SEI-DB-2014-Nexus-SDGs-integration.pdf. Accessed 26 July
2017.

60. E.W. Stein, A comprehensive multi-criteria model to rank electric energy production technol-
ogies. Renew. Sustain. Energy Rev. Elsevier 22, 640–654 (2013). https://doi.org/10.1016/j.rser.
2013.02.001

61. D. Streimikiene, T. Balezentis, I. Krisciukaitien, Prioritizing sustainable electricity production
technologies: MCDM approach. Energy Rev. 16, 3302–3311 (2012). https://doi.org/10.1016/j.
rser.2012.02.067

62. The Guardian, The Turkish ‘power ship’ keeping the lights on in Lebanon (2013), Available at:
https://www.theguardian.com/world/2013/apr/11/turkish-power-ship-lights-on-lebanon.
Accessed 21 Aug 2017

63. E. Torrero, Costs of Utility Distributed Generators (2003), Available at: http://www.
publicpower.org/files/deed/finalreportcostsofutilitydistributedgenerators.pdf. Accessed 21 Aug
2017

26 R. A. Farhat et al.

http://test.moe.gov.lb/ClimateChange/pdf/SNC/d-Coastal
http://test.moe.gov.lb/ClimateChange/pdf/SNC/d-Coastal
http://www.moe.gov.lb/The-Ministry/Reports/STRATEGIC-ENVIRONMENTAL-ASSESSMENT-FOR-THE-NEW-WAT.aspx?lang=en-us
http://www.moe.gov.lb/The-Ministry/Reports/STRATEGIC-ENVIRONMENTAL-ASSESSMENT-FOR-THE-NEW-WAT.aspx?lang=en-us
http://www.moe.gov.lb/The-Ministry/Reports/STRATEGIC-ENVIRONMENTAL-ASSESSMENT-FOR-THE-NEW-WAT.aspx?lang=en-us
http://climatechange.moe.gov.lb/viewfile.aspx?id=229
http://climatechange.moe.gov.lb/viewfile.aspx?id=229
https://doi.org/10.1016/J.ENPOL.2016.02.051
https://www.nrel.gov/docs/fy11osti/48595.pdf
https://www.oecd.org/greengrowth/greening-energy/49157219.pdf
https://www.oecd.org/greengrowth/greening-energy/49157219.pdf
https://doi.org/10.1109/JSYST.2009.2039734
https://doi.org/10.1109/JSYST.2009.2039734
https://doi.org/10.1016/J.ENERGY.2016.11.030
https://doi.org/10.1016/J.ENERGY.2016.11.030
https://doi.org/10.1016/J.RESCONREC.2018.12.010
http://cfsites1.uts.edu.au/find/isf/publications/rutovitzharris2012globalenergyjobsmethycalc.pdf
http://cfsites1.uts.edu.au/find/isf/publications/rutovitzharris2012globalenergyjobsmethycalc.pdf
https://pubs.usgs.gov/fs/2010/3014/pdf/FS10-3014.pdf
https://pubs.usgs.gov/fs/2010/3014/pdf/FS10-3014.pdf
http://report.mitigation2014.org/report/ipcc_wg3_ar5_annex-ii.pdf
https://www.sei-international.org/mediamanager/documents/Publications/Air-land-water-resources/SEI-DB-2014-Nexus-SDGs-integration.pdf
https://www.sei-international.org/mediamanager/documents/Publications/Air-land-water-resources/SEI-DB-2014-Nexus-SDGs-integration.pdf
https://doi.org/10.1016/j.rser.2013.02.001
https://doi.org/10.1016/j.rser.2013.02.001
https://doi.org/10.1016/j.rser.2012.02.067
https://doi.org/10.1016/j.rser.2012.02.067
https://www.theguardian.com/world/2013/apr/11/turkish-power-ship-lights-on-lebanon
http://www.publicpower.org/files/deed/finalreportcostsofutilitydistributedgenerators.pdf
http://www.publicpower.org/files/deed/finalreportcostsofutilitydistributedgenerators.pdf


64. A.M. Trainor, R.I. McDonald, J. Fargione, Energy sprawl is the largest driver of land use
change in United States. PLoS One 11(9), 1–16 (2016). https://doi.org/10.1371/journal.pone.
0162269

65. A. Tversky, Preference, belief, and similarity: Selected writings. Psychol. Rev. 76(1), 31–48
(1969)

66. UNDP, The National Geothermal resource Assessment of LEBANON (2014), Available at:
http://www.lb.undp.org/content/dam/lebanon/docs/Energy and Environment/Publications/
National Geothermal Resource Assessment Report.pdf. Accessed 9 Mar 2017.

67. UNDP and CEDRO, Promoting industry and job creation for Lebanon (2015), Available at:
http://www.databank.com.lb/docs/Renewable energy and Industry.pdf. Accessed 8 Mar 2017

68. A. Wald, Statistical decision functions which minimize the maximum risk. Ann. Math. 46(2),
265–280 (1945). https://doi.org/10.1016/j.annemergmed.2010.11.022.

69. World Bank, World Development Indicators: CO2 emissions (metric tons per capita) | Data
(2013), Available at: http://data.worldbank.org/indicator/EN.ATM.CO2E.PC. Accessed
20 July 2017

70. World Bank, World Development Indicators: Annual freshwater withdrawals, total (% of
internal resources) | Data (2014), Available at: http://data.worldbank.org/indicator/ER.H2O.
FWTL.ZS. Accessed 20 July 2017

71. World Bank, World Development Indicators: GDP per capita, PPP (current international $) |
Data (2016), Available at: http://data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD.
Accessed 20 July 2017

72. Word Energy Council, World Energy Perspective – Cost of Energy Technologies (2013),
Available at: https://www.worldenergy.org/wp-content/uploads/2013/09/WEC_J1143_
CostofTECHNOLOGIES_021013_WEB_Final.pdf. Accessed 21 Aug 2017

73. World Energy Resources, World Energy Resources Waste to Energy (2016), Available at:
https://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_Waste_to_Energy_
2016.pdf. Accessed 1 July 2017.

74. K.P. Yoon, C. Hwang, Multiple Attribute Decision Making: An Introduction (Sage Publica-
tions, California, 1995)

75. S.J. Zarrouk, H. Moon, Efficiency of geothermal power plants: A worldwide review.
Geothermics 51, 142–153 (2014). https://doi.org/10.1016/j.geothermics.2013.11.001

1 A Multi-attribute Assessment of Electricity Supply Options in Lebanon 27

https://doi.org/10.1371/journal.pone.0162269
https://doi.org/10.1371/journal.pone.0162269
http://www.lb.undp.org/content/dam/lebanon/docs/Energy
http://www.databank.com.lb/docs/Renewable
https://doi.org/10.1016/j.annemergmed.2010.11.022.
http://data.worldbank.org/indicator/EN.ATM.CO2E.PC
http://data.worldbank.org/indicator/ER.H2O.FWTL.ZS
http://data.worldbank.org/indicator/ER.H2O.FWTL.ZS
http://data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD
https://www.worldenergy.org/wp-content/uploads/2013/09/WEC_J1143_CostofTECHNOLOGIES_021013_WEB_Final.pdf
https://www.worldenergy.org/wp-content/uploads/2013/09/WEC_J1143_CostofTECHNOLOGIES_021013_WEB_Final.pdf
https://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_Waste_to_Energy_2016.pdf
https://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_Waste_to_Energy_2016.pdf
https://doi.org/10.1016/j.geothermics.2013.11.001

	Chapter 1: A Multi-attribute Assessment of Electricity Supply Options in Lebanon
	1.1 Introduction
	1.2 Method and Data
	1.2.1 Weights Assigned to REA´s Indicators
	1.2.2 Weights Assigned to SPA´s Indicators

	1.3 Results
	1.3.1 Aggregate Performance of Electricity Generation Technologies Under the REA Framework
	1.3.2 Aggregate Performance of Electricity Generation Technologies Under the SPA Framework

	1.4 Discussion
	1.4.1 Variations Between API Scores Under the REA and SPA Frameworks
	1.4.2 Limitations

	1.5 Conclusion
	References


