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Abstract

For the third time in a decade, solar energy pricing records are tumbling in the

Persian Gulf. As each previous wave of new records was met with incredulity, only

for these prices to become the new normal around the world within a few years, it

would be unwise to once again dismiss low prices as unrepresentative outliers. In this

study, we show how local conditions and global macroeconomic factors have

conspired to bring solar energy into a new regime of extreme affordability in the

region and argue that the Gulf market, especially the United Arab Emirates and Saudi

Arabia, represents the leading edge of the global learning curve and therefore offers

a window into the likely near future of large-scale photovoltaics around the world. As

this future increasingly appears to be one of previously unimaginably cheap energy,

we conclude with a discussion of the ways in which the region and the world can

seek to meet the opportunities and challenges of the coming renewable revolution.
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1 | INTRODUCTION

Over the last several years, the oil-rich Persian Gulf region has

emerged as a global leader in photovoltaic deployment and pricing.

Large utility-scale projects totaling over 7 GW of capacity have been

ordered since 2015 in Saudi Arabia,1 Qatar,2 Oman,3 and the United

Arab Emirates,4,5 mostly under long-term power purchase agreements

(PPAs) that have consistently broken global pricing records.6 The

region has proven to be a bellwether for global solar trends, with

pricing records set in the Gulf being replicated around the world in

subsequent years.7 Hence, it is of global interest to understand the

factors leading to solar pricing records in the region, as guidance in

developing pro-solar policies elsewhere or simply as a window into

possible future trajectories of the global market.

In a previous work,8 we investigated the factors that allowed

record-low prices under 3 ¢/kWh—widely seen as the “tipping point”
for solar to be economically favored over coal or gas plants for new

generating capacity9—to be realized for two GW-scale photovoltaic

projects in the UAE, announced in 2016–2017.4,10 That work was

undertaken in response to widespread skepticism regarding the viabil-

ity of the announced prices and a common suspicion that they were

achieved only with large hidden subsidies that could not be replicated

globally. Our analysis contradicted that belief, demonstrating that rap-

idly declining hardware prices, local standard business conditions, and

access to generous financing packages on favorable but realistic terms

were the major factors contributing to the observed low prices. In the

intervening years, the market has validated our assessment as global

average prices for utility-scale solar capital expenditures (CapEx) and

generation costs in comparable climates have declined to the levels

observed in the Gulf at the time of our initial study.11

It is therefore of some interest to see the Gulf region (henceforth

denoted by the local moniker “GCC,” referring to the Gulf Coopera-

tion Council of Kuwait, Bahrain, Qatar, Oman, the Kingdom of Saudi

Arabia, and the United Arab Emirates) entering a new pricing regime
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once again with a new round of mega-projects in several countries.

PPAs are now routinely awarded for prices well below 2 ¢/kWh,12

including most recently the 2-GW Al Dhafra solar project in Abu

Dhabi with an awarded PPA price of 1.35 ¢/kWh.13,14 This pricing

represents the crossing of a second and perhaps more consequential

tipping point, where solar energy becomes economically favored rela-

tive to existing fossil fuel capacity.15,16 That this second barrier is

crossed at a time when renewables have only recently been shown to

be economically superior to maintaining fossil-fuel capacity with

carbon capture17 demonstrates the speed at which the economics are

evolving. If pricing at this level spreads around the world, simple busi-

ness sense would suggest a rapid decarbonization of electricity gener-

ation, where coal and gas plants are retired as quickly as possible and

replaced with photovoltaics simply to save money. The target of deep

decarbonization by 2030 being held up by many climate scientists and

advocates18 would suddenly enter the realm of feasibility with far less

disruptive interventions that were previously believed necessary.

With this in mind, we now undertake an update of our previous

study accounting for this new wave of projects to gain a deeper

understanding of the factors driving prices in the Gulf and what this

may mean for the global market. Reported CapEx, PPA prices, and

financing information will be summarized in the context of global mar-

ket trends, along with a consideration of the different stakeholders in

the projects, including developers, utilities, contractors, and financing

entities, and how their interests influence the economic decision-

making involved in developing them. Consideration of global learning

curves for different cost metrics provide a framework for understand-

ing how local trends are likely to manifest themselves in the global

market. Synthesizing these different streams of information, we will

attempt to peer into the near future of the local and global solar

industry and begin to evaluate some of the likely impacts of the com-

ing revolution in the energy sector.

2 | UTILITY-SCALE SOLAR IN THE GULF:
RAPID GROWTH AND FALLING PRICES

At the time of our original study on solar energy costs in the GCC

region, the largest active utility-scale solar plant was the 200-MW

project forming phase 2 of Dubai's Mohammed bin Rashid Al

Maktoum solar park (henceforth MBR2). It was the Gulf's first utility-

scale photovoltaic plant and the second solar plant using any technol-

ogy, after Abu Dhabi's 100-MW Shams 1 CSP-gas hybrid plant.19 The

plant sells electricity to the Dubai Electricity and Water Authority

(DEWA), the public utility company of Dubai, at 5.84 ¢/kWh, a record

at the time it was announced in 2014, under a 25-year PPA. DEWA

also holds a 51% ownership stake in the plant, with the remaining

ownership shares held by the project developers, Saudi Arabia's

ACWA Power, and Spanish contractor TSK Solar, a common feature

of the regional solar industry where ownership is often shared

between the developer as an independent power producer (IPP) and

the utility. The pricing record that inspired the previous analysis was

set almost simultaneously by the PPAs signed for the 800-MW phase

3 of the MBR solar park (MBR3) and the 1.17-GW Noor Abu Dhabi

project near Sweihan in the Emirate of Abu Dhabi, with PPA prices of

2.99 and 2.94 ¢/kWh, respectively.20 The Dubai project was devel-

oped by a consortium of two state-owned project developers, Abu

Dhabi's Masdar and France's EDF,21 whereas the Abu Dhabi project

went to an Asian consortium led by Japanese conglomerate Marubeni

and Chinese PV manufacturer JinkoSolar.22 Both projects received

generous financing packages from consortia of local and international

banks. A fourth project, Saudi Arabia's inaugural solar plant in Sakaka

(300 MW), had received a bid from Masdar for 1.79 ¢/kWh,23

assumed to be based on bifacial module technology and some

extremely aggressive assumptions,24 but was eventually awarded to

ACWA at 2.34 ¢/kWh.25 We found that the majority of the price

reduction relative to the UAE projects could be attributed to the

superior solar resource in Sakaka compared with the UAE sites. MBR3

was brought online in stages, with the first 200 MW beginning

operation in 2018, and the remainder inaugurated in 2020.26 Noor

Abu Dhabi became operational in June 2019 and the Sakaka plant in

November of the same year.27,28

The intervening time has seen a continuation of rapid capacity

expansions and falling prices, illustrated in Figure 1. Phase 4 of the

MBR park, currently under construction, features a 700-MW concen-

trated solar thermal power plant with thermal energy storage (CSP

+ TES) providing overnight electricity at 7.3 ¢/kWh, alongside a

250-PV component selling at 2.4 ¢/kWh.29 A PPA for the 500-MW

Ibri-II project in Oman was signed in 2020. Dubai signed a PPA for the

900-MW phase 5 of the MBR project (MBR5), using bifacial PV tech-

nology at 1.69 ¢/kWh, whereas Qatar saw a PPA price of 1.57 ¢/kWh

for its 800-MW first foray into utility-scale PV, and Saudi Arabia has

issued a new round of tenders for which a number of bids in the

1.6–1.7 ¢/kWh range have been received.30 We note that capacities

in the region are typically reported in MWac, although in the case of

Qatar's 800-MW Al-Kharsaah project this is not stated explicitly.

Some reports from suppliers31 indicate that the reported capacity

may in fact be DC; however, our cost modeling indicates that the

reported PPA price is more plausible if the reported capacity is AC, in

keeping with the regional standard. Therefore, all capacities given in

this study are assumed to be in AC unless stated otherwise. Although

less active than their GCC neighbors, Bahrain has ordered a 125-MW

PV project on the Al Askar landfill site,32 and Kuwait has received bids

for a 1.5-GW plant.33 Bids in both countries remain above 3 ¢/kWh,

perhaps owing to a comparative lack of investment in solar relative to

their neighbors. After some initial difficulties, Kuwait, at least, seems

to be aiming for a reset, withdrawing its original tender for the

Dibdabah plant,34 which was reported to be an engineering, procure-

ment, and construction (EPC) contract for a utility-owned plant, and

now stating its intention to reissue the tender under the IPP model

that has proven successful for its neighbors.35 Financing has been a

crucial component of realizing large projects at low PPA prices, with

financing packages characterized by high debt loads and low interest

rates typically being provided by consortia dominated by local banks

and institutions from the developers' home countries, although other

regional and global players have increasingly entered the regional
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market. Chinese banks in particular have become a major source of

financing in recent years,36,37 with GCC solar projects being hailed as

success stories is the country's ambitious “Belt and Road” global

investment initiative.38 Japanese banks have played a prominent role

in financing Qatar's solar development.39 The spate of new large-scale

projects seems poised to propel the region to global prominence in

solar energy, with the UAE seeing particular success. Between Abu

Dhabi and Dubai, currently operation or awarded utility-scale

PV projects total 5.3 GW (with an additional 800 MW of CSP

between Abu Dhabi's Shams 1 and Dubai's MBR4). This exceeds the

current installed solar capacity of much larger energy consumers such

as Vietnam and Taiwan, and when adjusting for overall energy

consumption far exceeds the solar penetration in major economies

including China, India, and the United States.40

3 | MODELING GENERATION COSTS IN
THE GULF—WHERE ARE ULTRA-LOW PRICES
COMING FROM?

Key cost metrics including CapEx and PPA price are made public for

most projects in the region. These values are tabulated for all utility-

connected projects over 100 MW in Table 1, along with additional

information on the projects' technical specifications, financing infor-

mation, and the various stakeholders. Analysis of the factors contrib-

uting to generation costs can be done by evaluating the levelized cost

of electricity (LCOE) as

LCOE=
C +

PL
i=0

Oi

1+ rð Þi
PL

i=0
Ei

1+ rð Þi
, ð1Þ

where C is CapEx, Oi is operating expenses (OpEx) in year i, Ei is

energy generation in year i, L is the plant lifetime in years (or the PPA

duration if no residual value is assumed), and r is the discount rate.

This r can be taken as the internal rate of return (IRR) of the project at

a given price point or as the weighted average cost of capital (WACC)

if the financing terms are known and the LCOE represents the mini-

mum sustainable price of electricity.

To understand what has changed over the last few years, we

compare the calculated LCOE for MBR3 and MBR5 using cost figures

publicized for the two projects and assuming the same plant configu-

ration, but with bifacial modules used in MBR5 as has been

reported.12 Overall CapEx has been announced for both projects in

press releases dealing with the financing of the project, totaling

$1175/kW for MBR3 (800 MW at $940 M)50 with a dramatic drop to

$633/kW for MBR5 (900 MW at $570 M).52 Energy generation

claimed by the utility for MBR3 indicates a capacity factor just over

35%,5 which is consistent with a tracking c-Si array with a DC/AC

ratio (or inverter loading ratio ILR) of �1.3 under the weather condi-

tions of the MBR solar park site, according to the PV performance

model of PVGIS,51 which we combine with the industry-standard

assumption of 0.5% annual reduction in plant output due to module

degradation to estimate annual energy yield. This assumption regard-

ing ILR is borne out by the one finished project for which both AC and

DC capacity have been publicly reported: Saudi Arabia's

300 MWac/405 MWdc Sakaka project53 giving ILR = 1.35. The calcu-

lations in this study assume IRL = 1.3 except where sufficient data

have been publicized to estimate or directly calculate the ILR. The

only project that can be shown to deviate significantly from this

assumption at this point is Oman's Ibri 2, with a reported ILR of 1.15

(500 MWac/575 MWdc).54,55 As this project uses a technical configu-

ration that is now becoming standard (tracker-mounted bifacial mod-

ules), it will be interesting to see whether ILRs also trend lower in

newer projects in the region. OpEx is assumed to average $10/kW/

year based on O&M contracts for smaller projects in the UAE56 and

the global trend toward lower O&M costs for large-scale PV plants.57

The discount rate (taken as the WACC) is set to the value that yields

an LCOE equal to the PPA price of 2.99 ¢/kWh for MBR3, which

given our assumptions is 4.25%. Although still somewhat low by

global standards, our previous study on PV financing in the region has

given some indications of how WACC at this level could be achieved

given the economic conditions in the region and the interests of the

stakeholders involved.58 It is also worth noting that, although the cur-

rent spate of development has taken place during a decade of

already-low interest rates, borrowing costs tumbled again in 2020 as

central banks seek to prop up investment during the coronavirus pan-

demic and the associated economic downturn. Some reports from the

F IGURE 1 Evolution of reported PPA prices (left) and project CapEx (right) for operating and announced/under construction utility PV
projects in the GCC region [Colour figure can be viewed at wileyonlinelibrary.com]

640 APOSTOLERIS ET AL.



T
A
B
L
E
1

D
at
a
o
n
o
pe

ra
ti
o
n,

un
de

r-
co

ns
tr
uc

ti
o
n,

an
d
pl
an

ne
d
ut
ili
ty

P
V
pr
o
je
ct
s
in

gu
lf
co

o
pe

ra
ti
o
n
co

un
ci
l(
G
C
C
)c
o
un

tr
ie
s
(U
A
E
,K

in
gd

o
m

o
f
Sa

u
di

A
ra
b
ia
,Q

at
ar
,B

ah
ra
in
,K

u
w
ai
t
&
O
m
an

)

M
B
R
2
1

M
B
R
3
5

N
o
o
r
A
D

2
2

Sa
ka

ka
4
1

M
B
R
4

(P
V
)3
7

A
sk
ar

4
2

A
l

K
ha

rs
aa
h2

,3
9

Ib
ri
II
3
6

M
B
R
5
1
2
,4
3

A
l

D
h
af
ra

1
3
,1
4

A
lD

ib
d
ib
ah

(B
ID

)3
3

R
E
P
D
O

2
(m

u
lt
ip
le

p
ro
je
ct
s)
3
0

C
o
un

tr
y

U
A
E

U
A
E

U
A
E

K
SA

U
A
E

B
ah

ra
in

Q
at
ar

O
m
an

U
A
E

U
A
E

K
u
w
ai
t

K
SA

C
ap

ac
it
y
(M

W
ac
)

2
0
0

8
0
0

1
1
7
7

3
0
0

2
5
0

1
2
5

8
0
0

5
0
0

9
0
0

2
0
0
0

1
5
0
0

1
5
0
0

P
P
A

P
ri
ce ($
/k
W

h)

5
.8
4

2
.9
9

2
.9
4

2
.3
4

2
.4

5
3
.9
1

1
.5
7
4
4

?
1
.6
9

1
.3
5

3
.6
0

(lo
w
es
t
b
id
)

1
.6
1 (lo
w
es
t
b
id
)

Le
ng

th

(y
ea

rs
)

2
5

2
5

2
5

2
5

3
5

2
0

2
5

1
5

2
5
?

2
5
?

N
/A

N
/A

C
o
st

(M
U
SD

)
3
2
5
5

9
4
0

8
7
2
a

3
2
0

?
1
3
0

4
6
7
4
5

4
0
0

5
6
4

P
en

d
in
g

1
4
0
0
3
4

A
w
ar
de

d/

P
P
A

0
1
/2

0
1
5

0
6
/2

0
1
7

0
3
/2

0
1
7

0
2
/2

0
1
8
2
5

1
1
/2

0
1
8

0
2
/2

0
1
9

0
1
/2

0
2
0

0
3
/2

0
1
9

1
1
/2

0
1
9

0
7
/2

0
2
0

1
1
/2

0
1
9
(b
id
)

0
4
/2

0
2
0
(b
id
)

F
in
.c
lo
se

0
7
/2

0
1
5
4
6

0
6
/2

0
1
7
4
7

0
5
/2

0
1
7

1
1
/2

0
1
8

0
3
/2

0
1
9

?
2
0
2
0

0
3
/2

0
2
0

0
9
/2

0
2
0

2
0
2
0

C
A
N
C
E
LL

E
D

a

O
pe

ra
ti
o
na

l
0
3
/2

0
1
7
5

0
5
/2

0
1
8

(2
0
0
M
W

)

2
0
2
0

(5
0
0
M
W

)

0
6
/2

0
1
9
2
7

1
1
/2

0
1
9

2
0
2
0
–2

0
2
1

?
2
0
2
1
–2

0
2
2

0
6
/2

0
2
1
3

2
0
2
1

(s
ta
ge

1
)

2
0
2
2

D
ev

el
o
pe

rs
D
ev

1
A
C
W

A
(K
SA

)
M
as
da

r

(U
A
E
)

M
ar
ub

en
i

A
C
W

A
A
C
W

A
A
C
W

A
T
o
ta
l(
F
R
)

M
ar
ub

en
i(
JP

)

A
C
W

A
A
C
W

A
M
as
d
ar
/

T
A
Q
A

(U
A
E
)

C
N
.M

et
al
.

C
o
rp
.

Sh
ar
e
(%

)
4
2

2
4

2
0

7
0

2
4
.9
9
%

6
0

2
0
/2

0
5
0

2
0

6
0

D
ev

2
T
SK

(S
P
)

E
D
F
(F
R
)

Ji
nk

o
So

la
r

(C
N
)

A
lG
ih
az

(K
SA

)
Si
lk
R
o
ad

F
un

d
(C
N
)

M
it
su
i(
JP

)

A
lm

o
yy

ad
(B
H
)

Q
at
ar

P
et
r.
/

Q
E
W

C

G
IC

(K
W

)

A
P
E
C
(K
W

)

G
IC

E
D
F
/J
in
ko

Sh
ar
e
(%

)
7

1
6

2
0

3
0

2
4
.0
1
%

3
0
/1

0
2
4
/3

6
4
0
/1

0
2
0

4
0

O
ff
ta
ke

r
D
E
W

A
D
E
W

A
A
D
W

E
A

(E
W

E
C
)

SP
P
C

D
E
W

A
E
W

A B
ah

ra
in

Q
E
W

C

(K
ah

ra
m
aa
)

O
P
W

P
D
E
W

A
E
W

E
C

Sh
ar
e
(%

)
5
1

6
0

6
0

0
5
1

0
0

0
6
0

0

E
P
C

T
SK

G
ra
nS

o
la
r

(S
P
)

A
cc
io
na

(S
P
)

G
he

lla
(IT

)

St
er
lin

g
&

W
ils
o
n4

8

M
ah

in
dr
a

Su
st
en

(IN
)

C
H
IN

T
(C
N
)

Sh
an

gh
ai

E
le
ct
ri
c

?
?

?
Sh

an
gh

ai

E
le
ct
ri
c3

8

?

O
&
M

N
O
M
A
C

St
er
lin

g
&

W
ils
o
n4

8

N
O
M
A
C

(K
SA

)
?

?
?

?
?

?

T
ec
h

C
dT

e,
F
ix
ed

ti
lt
5

c-
Si

al
l-
gl
as
s,

1
X

tr
ac
ki
ng

c-
Si

F
ix
ed

,

E
/W

al
te
rn
at
in
g

ti
lt
4
9

c-
Si

tr
ac
ki
ng

c-
Si

c-
Si
?

B
if
ac
ia
l.
1
X

tr
ac
ki
ng

,
au

to
m
at
ed

cl
ea

ni
ng

B
if
ac
ia
l,
1
X

tr
ac
ki
ng

B
if
ac
ia
l,
1
X

tr
ac
ki
n
g

B
if
ac
ia
l,
1
X

tr
ac
ki
n
g

(C
o
nt
in
u
es
)

APOSTOLERIS ET AL. 641



regions suggest that falling financing costs are already having an

impact of auction bid prices.44 The importance of financing in the

global market is gaining increasing attention59 and presents promising

avenues for the design of policies to promote the rapid deployment of

solar and other renewables.60 Although details of financing costs are

not available for newer projects, WACC has been back-calculated for

all projects where both capital costs and PPA price are reported,

assuming a plant lifetime of 25 years, and is reported inTable 1.

Evaluating the LCOE for both sets of assumptions, we see that

90% of the drop in LCOE from MBR3 to MBR5 can be accounted for

by the reduction in CapEx (Figure 2). Indeed, both MBR5 and Al

Kharsaah fall at the extreme low end of the global range of

PV system CapEx as reported in the most recent IEA PV Trends

report,61 projects such as Al Askar that have not achieved notably

low PPA prices fall in the middle of the global range. The remaining

reduction can be explained by assuming a modest boost in capacity

factor of 5% due to the use of bifacial modules, which has been indi-

cated by modeling under local conditions.62 No further assumptions

regarding OpEx or financing costs are required to reconstruct the

observed PPA prices, allowing us to focus more detailed attention on

explaining how such dramatic reductions in CapEx could be achieved

in such a short time.

4 | WHAT IS RESPONSIBLE FOR FALLING
CAPITAL COSTS?

In our previous study,8 we used global market data combined with

knowledge of the local environment and business practices to build a

bottom-up model for PV system CapEx in the UAE. We found that

CapEx below $1000/kW was feasible based on rapidly declining mod-

ule costs (around 30 ¢/W at the time of that writing), BOS and tracker

costs, the low cost of labor in the region, and minimal overhead and

“soft” costs. Roughly, cost per watt could be represented by a

“30-30-30” breakdown—30¢/W of module, 30¢/W of other hard-

ware, and 30¢/W in labor and overhead. Developers do not appear to

be responsible for interconnection costs in any of these projects, with

these being borne by the utility. These costs will likely be reduced in

the future due to the planned colocation of large amounts of capacity

in multi-GW solar parks in multiple countries. International data from

IRENA show that this breakdown holds true in many low-cost mar-

kets, most notably China, where low module prices are unsurprising

due to the country's dominant position in PV manufacturing; in India,

the lowest-cost market, modules accounted for nearly 50% of CapEx

in 2019 and all other costs were far below the global average.7

Explaining the latest round of CapEx reductions from a bottom-

up perspective has been somewhat less feasible in this study than the

last. Whereas module pricing trends are heavily reported on and indi-

cate a continued strong decline in prices, other system components

are less well documented and the data that are available do not clearly

support the idea of a similarly strong downward trend in inverter and

BOS pricing. In addition, spot prices for bifacial modules, now becom-

ing the preferred module technology in the region, are currentlyT
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higher than those of conventional modules, although they are declin-

ing more rapidly.63 However, a number of global trends and observa-

tions from previous experience suggest that this granular view is

insufficient to capture what is truly driving CapEx for large solar pro-

jects in low-cost markets and that a more holistic approach is needed.

This mindset has proven valuable in explaining the evolution of global

PV manufacturing,64 and can likewise offer insights into the changing

economics of PV project development.

We first consider a number of factors that were first identified in

our 2018 study. The first is that auction bids have been characterized

by forward-looking cost projections—developers will tend to bid not

based on the market price of hardware at the time of bidding, but on

the prices, they expect to pay a year or more in the future when hard-

ware is actually being ordered. As strong downward pricing trends

continue, this pattern of aggressive forward-bidding can be expected

to hold.

A second factor, somewhat controversial, relates to economies of

scale. Past studies of U.S. and global utility-scale solar economics have

delivered an uncertain verdict on whether large projects achieve

lower per-watt costs than mid-sized projects, leading to a widespread

impression that economies of scale are a less significant factor than

might be expected in utility-scale solar projects.11 This, however, does

not fully align with the experience of the Gulf region. In multiple

cases, tenders have been issued for projects of a given size, only to be

scaled up in agreement with the developer upon signing the PPA,

suggesting that developers may see a benefit to increased capacity

that leads them to accept a lower-priced PPA.48,65–67 Whether this

indicates a substantial cost saving for the developer is uncertain. It is

also possible that developers accept lower margins in exchange for a

benefit that larger projects provide for their overall business model.

These benefits can include reputational factors—“bragging rights”
associated with developing larger projects and gaining market share—

or potentially the benefit of experience—that the developer has its

own learning curve, and building larger projects allows it to move

faster down this learning curve and reduce its costs for future pro-

jects.6 The recent tender in Saudi Arabia30 provides a natural experi-

ment, as bids have been received for six projects ranging in size from

20 MW to 600 MW. As of this writing, the two lowest bids have been

publicized for each project except the 600-MW Al-Faisaliah project.

In Figure 3, the plot of average bid price versus capacity shows a clear

trend toward lower bid prices for larger projects, indicating that at

some level, economies of scale are indeed realized. Whether this holds

as capacity is increased beyond 100 MW has been unclear in studies

done in other markets, and here as well the evidence is at present

inconclusive. The pending announcement of the sixth and largest pro-

ject in this tender may shed a bit more light on the question. In June

of 2020, the Saudi Minister of Energy indicated that an announce-

ment of a record-low PPA price for a PV project would soon be

announced, which is presumably a reference to the forthcoming

award of the Al Faisaliah project.68 Given that the award of Abu

Dhabi's Al Dhafrah project for 1.35 ¢/kWh was widely expected

at the time, this would be expected to indicate a price around

F IGURE 2 LCOE broken down into CapEx,
OpEx and financing contributions for cost model
of Dubai's Al Maktoum solar park phase
3 (announced 2016) and phase 5 (announced
2019). Reduction in LCOE is fully explained by
modest boost in energy yield from the use of
bifacial modules, and a large reduction in CapEx
[Colour figure can be viewed at wileyonlinelibrary.
com]

F IGURE 3 Average of two lowest bids for five out of six PV
projects tendered in Saudi Arabia's REPDO 2 auction. Evidence of
economies of scale for projects below 100 MW is clear, whereas
evidence for economies of scale above this level is inconclusive,
although a stronger case may be made by the impending
announcement of the PPA for the 600-MW Faisaliah project [Colour
figure can be viewed at wileyonlinelibrary.com]
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1.3 ¢/kWh, one of the clearest indications to date of significant

economies of scale in 100-MW to 1-GW scale photovoltaic projects.

The prominence of major international players in the Gulf's solar

development is undoubtedly a factor in the realization of below-

market costs. In addition to the major project developers, large

engineering firms with a global footprint, including China's Shanghai

Electric29,38 and India's Sterling & Wilson48 and Mahindra Susten,28

have been contracted for EPC on these projects. It can be assumed

that large firms with an established presence in the region will have a

lower cost of doing business. Furthermore, as major customers in a

buyer's market, one would expect that these contractors are able to

set their prices for large orders of hardware to a significant degree.

Hence, a bottom-up summation of different component costs based

on reported market data will likely yield an overestimate of total sys-

tem CapEx. In Figure 4, we display average CapEx and LCOE/PPA

prices for the Gulf, Indian, and Chinese markets, in the context of the

global market trends for each metric, based on data from IRENA.7 Pro-

jects are counted in the year that they are commissioned. The Gulf

has consistently set records for PPA pricing; however, CapEx has

“caught up” to the more established Chinese and Indian markets only

in the latest round of projects. This speaks to the importance of gen-

erous financing packages, coupled with the strong solar resource, in

supporting the Gulf region's early low bids.

5 | LEARNING CURVES FOR UTILITY-
SCALE PV

The steady year-on-year declines in CapEx and LCOE suggest learning

behavior typical of mass-produced goods. Learning curve analysis has

proven effective at projecting the price evolution of photovoltaic

module manufacturing in a way that bottom-up analysis has not and is

increasingly being extended to system-level analysis. We consider

here the learning curves for utility-scale solar CapEx and LCOE for the

Gulf and global markets, plotted in Figure 5. The learning curves for

the Gulf region alone (A,B) exhibit a robust but not exceptional learn-

ing rate for both CapEx (18% reduction per doubling of installed

capacity) and PPA price (20%), due to the rapid growth of the sector

as large projects come online. However, as has been established by

previous observers, considering a country or region's learning curve in

a vacuum does not provide a full picture because local developments

are strongly influenced by global market trends.69 When the evolution

of electricity price/LCOE and plant CapEx are considered in relation

to global PV capacity expansions (C,D), a learning rate is found that

roughly matches the global rate (E,F). Although the comparatively

small number of projects in the region leads to a somewhat noisy cor-

relation, this does represent an indication that solar energy economics

in the Gulf follow the same general patterns as global trends, but sub-

stantially advanced. We regard this as evidence that trends in the Gulf

are best viewed not as an aberration but as an indicator of how the

global market is likely to evolve in the future. This paints an excep-

tionally promising picture of the future trajectory of the industry,

where solar electricity prices approaching 1 ¢/kWh are likely to be

seen in many parts of the world in 5 years, with no clear lower bound.

This would herald a revolution in not only solar energy but in the

energy sector generally, with a new age of ultra-cheap electricity

transforming our lives, economies, and environment. We are by no

means the first to predict this transition,70 but the experience of the

Gulf may provide a window into how it might play out in the near

future. With such dramatic change on the horizon, it makes sense to

consider the next steps that should be taken prepare to fully take

advantage of the coming energy transformation.

6 | ENERGY, ECONOMY, ENVIRONMENT:
PREPARING FOR THE RENEWABLE
REVOLUTION

The coming shift to extremely low-cost renewable energy, suggested

by recent developments in the Gulf and other low-priced solar

markets, will be a generation-defining transformation. There will be

opportunities as well as challenges that must be met, not only from a

technical perspective but also from that of society more broadly.71

By way of conclusion, we discuss briefly some of these challenges

and how the region's solar energy pioneers are attempting to

meet them.

F IGURE 4 Average LCOE (left) and CapEx (right) for Chinese, Indian and gulf utility PV projects by year. Modified box & whisker plots
represent global market where boxes encompass the fifth to 95th percentile values [Colour figure can be viewed at wileyonlinelibrary.com]
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The standard first attack on claims of the economic favorability of

solar energy is intermittency. It is true that the low-priced solar elec-

tricity discussed here is nondispatchable as it is produced by solar

parks without storage capacity and therefore is of lower value

because it cannot replace load-following or baseload generating

capacity. This recognition, however, is not the end but the beginning

of a conversation if taken in good faith. There are myriad ways to

modify our energy systems to enhance the value of this low-cost solar

electricity. The most straightforward is energy storage, which can take

many forms beyond batteries. Approaches to energy storage in the

Gulf include the CSP + TES facility, which forms the largest compo-

nent of MBR437; pumped hydropower72; and solar fuel generation73;

in addition to battery storage including a 108-MW/6-h distributed

battery storage project in Abu Dhabi,74 an increasingly viable option

as battery prices continue to fall across the globe.75 This is before

considering the potential of demand-side management strategies that

aim to shift the energy demand curve to match the solar generation

curve, minimizing the need for storage. Expanding the thermal storage

capacity of the region's large district cooling plants is already being

undertaken as a means of adding flexibility,76 and the nascent push to

deploy electric vehicles presents not only substantial challenges but

also great opportunities to shape the demand profile through smart

charging strategies.77

A host of potential economic pitfalls present themselves as well,

as the dominance of a few major players and countries can lead to

fears of eroding local industries and creating a situation of depen-

dence on a small number of “titans.” Saudi Arabia in particular has

enforced local content requirements in its solar projects,25 with its

own ACWA Power taking the lead on both construction and opera-

tion of many domestic energy projects while aggressively expanding

its footprint throughout the region and beyond. Other regional project

developers, including Saudi Arabia's Abdul Latif Jameel and Abu

Dhabi's Masdar, have taken on projects around the world. Hence, the

Gulf states have made some clear moves not only to protect local

companies but to become global players in a vital growth industry

whose international nature cannot be denied. In the same vein, sev-

eral countries in the region have also moved to localize hardware

manufacturing, establishing facilities for both PV module78,79 and bat-

tery production,80 avoiding a situation of absolute dependence of

overseas manufacturing while also laying the groundwork to exploit

the region's vast energy and material resources to potentially become

global players in this area as well. It may also be worthy of note that

neither American (after the involvement of First Solar in MBR2) nor

German firms have been especially prominent in the region's solar

industry in recent years, excluding the two countries perhaps most

responsible for the early growth of photovoltaics prior to the entry of

China. The center of mass of the photovoltaic industry has shifted

decisively eastward.

A final class of challenges relate to the environmental footprint of

the photovoltaic industry. Although this has not factored so promi-

nently in the solar economy of the Gulf up to this point, it stands to

become an area of some concern for the global industry. A significant

amount of research has been put into life-cycle analysis of photovol-

taic modules,57,81 with some studies suggesting that depending on the

environmental and energy efficiency standards applied to their pro-

duction, the overall impact of photovoltaic manufacturing can vary by

a significant factor.82 Environmental impacts include both carbon and

energy intensity and a range of issues related to resource extraction,

manufacturing, and end-of-life.83 The establishment of a circular

economy for photovoltaic modules will be key to mitigating these and

creating a maximally sustainable solar energy industry.84 Deployment

of photovoltaics has some associated environmental impact as well—

F IGURE 5 Learning curves for CapEx and LCOE for the GCC market (A,B); GCC prices versus global installations (C,D); and the global market
(E,F). The learning rate is the percent reduction in cost per doubling of capacity [Colour figure can be viewed at wileyonlinelibrary.com]

APOSTOLERIS ET AL. 645



even in the inhospitable interior deserts of the UAE, the Noor Abu

Dhabi project was reported to have taken precautions to avoid dis-

turbing the habitats of endangered desert lizards.49 Taking the

mindset of minimizing interference with the natural world—a key

component of any holistic approach to sustainability—next-generation

technologies will likely have a substantial role to play in enabling dual

land use (urban, building integrated, and agricultural photovoltaics),

and maximizing solar resource utilization through hybridized or

“multifunctional” solar collectors.85

7 | CONCLUSIONS

In this work, we have surveyed the expansion of photovoltaics in the

GCC region and investigated cost trends, in particular focusing on the

dramatic reduction in PPA prices from 3 ¢/kWh at the time of our last

study, to �1.5 ¢/kWh or less in several countries. Noting that the

region has seemed to be a bellwether for global pricing trends, we

investigate the factors leading to this latest round of cost reductions

from a holistic perspective, considering component pricing trends, the

interests and business models of the various stakeholders, and the

industrial learning rates for photovoltaic system costs in the region

compared to global trends. This analysis indicates that the Gulf, rather

than being qualitatively different from the global market, rather

benefits from a confluence of factors including favorable financing

conditions, low costs of doing business, a strong presence of highly

experienced project developers, both domestic and foreign, and of

course a strong solar resource, that consistently yield prices that are

low by global standards, but whose evolution over time is similar to

global trends. Hence, the Gulf market can be seen as “advanced”
relative to the global market—further down the learning curve but not

qualitatively unique—and therefore can offer into a window into the

likely future trajectory of photovoltaics globally. In this case, the

“crystal ball” of the Gulf market predicts that global solar electricity

prices will soon enter a regime that will favor the decommissioning of

large numbers of fossil fuel plants and the rapid transition to a

renewable-dominated energy system. We have summarized in a

cursory way what we believe to be the biggest challenges and

opportunities implied by this transition. Further understanding and

responding to these opportunities and challenges will be a critical goal

of future work in both the technical and policy arenas.
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