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Abstract

The Global Grid advocates the connection of all regionalgrasystems into one electricity transmission system sparthe whole
globe. Power systems are currently forming larger and fargerconnections. Environmental awareness and incdeglsetricity
consumption leads more investments towards renewablgyeseurces, abundant in remote location$-&nore or in deserts). The
Global Grid will facilitate the transmission of this “greeglectricity to load centers, serving as backbone.

This chapter elaborates on the concept presenting fouesthgt could gradually lead to the development of a globatiy-
connected power network. Quantitative analyses are davtiefor all stages, demonstrating that a Global Grid is ethnically
feasible and economically competitive. Real price datenfEeurope and the USA are used to identify the potential of aateti-
nental electricity trade, showing that substantial prafis be generated through such interconnections.

Keywords: global grid, electricity transmission network, globalattécal network, renewable energy, wind power, solar power
Greenland, intercontinental electricity trade

1. Introduction gration of increasing shares of renewables. Two are the rea-
sons most often mentioned. First, interconnecting RES in-
Increased environmental awareness has led to concrete ageases the reliability in supply. Second, long transmissi
tions in the energy sector in recent years. Examples are thes can help harvest renewable energy from remote latstio
European Commission’s target of 20% participation of renewwith abundant potential and very low production costs.  or
able energy sources (RES) in the EU energy mix by 2020 [1Her to exploit the benefits of such interconnections coecret
and California’s decision to increase renewable energyién t actions have been taken, which will lead to the creation of
state’s electricity mix to 33% of retail sales, again by 2020  regional Supergrids. EU Guidelines already encouragestran
At the same time, several studies have been carried out-invegjssion projects such as the Baltic Ring [7]. Projects sich a
tigating the possibilities of a higher share of renewahtethée Medgrid (www.medgrid-psm. com), and QfshoreGrid(www .
energy supply system of the future. For instance, the Germags fshoregrid.eu) have been launched, in order to intercon-
Energy Agency (DENA) assumes 39% RES participation bynect Mediterranean states with Europe and transfer reflewab
2020 [3], while a detailed Study from the National Renewabl%nergy to the major load centers. At the same time, initia-
Energy Laboratory suggests that meeting the US electdeity tjves such as Gobite@ww . gobitec . org)in Asia and Atlantic
mand in 2050 with 80% RES supply is a feasible option [4].wind Connectior(www.atlanticwindconnection.com) in

In [5], & 100% renewable energy supply system in Europe withhe USA aim to interconnect the Asian power grids or transmit
interconnections in North Africa and West Asia is discussedoff-shore wind energy to the US East Coast.

More recently, Jacobson and Delucchi [6] investigated fétae
sibility of providing worldwide energy for all purposes éetric
power, transportation, heatifmpoling,etc.) from wind, water,
and sunlight”. The authors made a detailed analysis and pr
posed a plan for implementation. They found that the barteer

In Ref. [8] we suggested the next natural step of the elec-
tricity network: the Global Grid. With growing electricitye-
mand, the need for green energy resources will also increase
%he electricity networks will expand in order to harvest the
the deployment of this plan are not technological or ecogpmi newaple po_tentlal gbundant In remote Iocgtlops, f‘”?“'”g Su

pergrids of increasing size. The Global Grid aims at intefco

but rather social and political. necting the regional Supergrids into one global elecyrinit-
All these studies suggest that the development of the elec- g 9 perg 9

. ) : . . . work. High capacity long transmission lines will intercawh
tricity network will play a crucial role in the ficient inte- . . .
wind farms and solar power plants, supplying load centetis wi

green power over long distances. Besides introducing the co

*Corresponding author. Tek41 446328990, Fax41 446321252, cept, in Ref. [8] we further highlighted the multiple oppant-
Email addressesspyros@eeh. ee. ethz. ch (Spyros Chatzivasileiadis), ~ ties emerging from it. We supported our analysis with steidie
dernst@ulg.ac.be (Damien Ernst)andersson@eeh.ee.ethz.ch (Goran on the economic feasibility of such a concept and we disclisse

Andersson) ; ; ; ;
) ossible investment mechanisms and operating schemes.
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2www.eeh.ee.ethz.ch In this chapter, we introduce and elaborate on four possible
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stages that could gradually lead to the development of adfiob which leaves room for electricity arbitrage. Thereforecélic-
interconnected power network. We extend our analysis vdth a ity can be bought at lower prices in one area and sold at higher
ditional studies on the economic competitiveness of loaggyr  prices during peak demand in other areas. In Section 5.2¢we e
mission lines in dierent world regions and we show that sub- plore the electricity trade potential for the connectiondpe—
stantial profits can arise from intercontinental electyiciade. = North America over Greenland, utilizing the remaining eabl
Section 2 introduces the four possible development stagesapacity.
followed by a brief illustration of the concept as we have en- As we will see in Section 5.2 the transmission corridor en-
visioned it in Section 3. Sections 4 — 6 describe in detail allabling electricity trade between the continents can résslib-
four development stages and provide examples with quantitastantial profits. Based on that, in the fourth stage of theedev
tive analyses for each stage. In Section 7 we briefly discusspment towards a Global Grid, direct interconnections eetw
the additional opportunities emerging from a Global Gride W countries or continents can start to be built, independem f
conclude this chapter with Section 8. their connection to remote areas with high RES potentiathSu
an analysis for a cable between Europe and North America has
already been carried out in Ref. [8], showing that except for
the most expensive RES generators, it would be more econom-
We expect that three main reasons will act as the major inceneal for the US to import RES power from Europe than operate
tives towards the creation of a globally interconnectewndt.  its own fossil-fuel power plants. Here, we extend this asialy
First, the need to harvest remote renewable energy resyurceonsidering real electricity prices in Germany and the US4 a
either further d@-shore or in deserts, will lead to continuously examining the amortization period of such an investment.
expanding regional Supergrids. Second, taking advantabe o Introducing the four development stages helps create a path
shift in peak demand periods between continents, remote RE8ading to a Global Grid environment. It does not imply, nev-
plants located in similar distances from two regions cameaoh  ertheless, that global interconnections will move throtigh
and sell their power always at peak price. Third, the timeezon four stages in a sequential manner. For example, the ditect i
diversity between the continents creates opportunitiesicr-  terconnections in the fourth stage can directly occur dfter
tricity arbitrage, which can lead to profitable electricitgde.  first stage; or the second and third development stage can oc-
Based on these reasons, in this section we present four magr simultaneously, e.g. as we will see in Section 5@rsbore
stages we envision leading to the development of a Global Griwind farm can connect to both continents in order to sell akpe
environment. prices and, at the same time, benefit from the electricityetra
The main driving force behind a Global Grid will be the har-
vesting of remote renewable resources. In the search fengre ) )
electricity, new sites will be exploited, even further fratre 3. The Global Grid: An lllustration
load centers and the current power grids. Examples aretdeser

) ) Before continuing our analysis, the current section is teo
such as the Sahara or the Gobi for solar power plants; and . i . AR
. L . t0 a brief description of the Global Grid as we envision itisTh
on-shore or i-shore locations with high winds such as at the

shores of Greenland, or in the Indian Ocean for wind farmsWIII hopetully produce a better understanding of this cquige

This constitutes the first stage towards a Global Grid. Ost-co first prop(_)sed in [8]. Figure 1 illustrates a possible gl:gn_d.
: o . : . We envision that the power supply of the Global Grid will de-
benefit analysis in this chapter will focus on the wind patdnt

. pend on renewable energy sources. Large renewable pdtentia
of such remote locations. o : .
L . . , exists in remote locations, such as in desertsiesloore. Long
By building wind farms and solar parks in remote locations, . ) . . o .
. : . .'HVDC lines will constitute the main arteries in a Global Grid
a point will be reached, where a RES power plant will be in "~ - .
equal distance from two bower svstems offiafent continents environment, transmitting bulk quantities of power ovemdo
d b y distances. HVDC lines are superior to AC technologies for

A wind farm in Greenland, for instance, would be a realiskic e . ey o

o v long-distance transmission, as they exhibit lower lostesy
ample of such a situation. Our analysis in Ref. [8] showed tha rovide active and reactive power suoport. and can coneet n
connecting such a wind farm to both Europe and North AmerP b pport, e

ica is a profitable solution. In this second developmentestdg synchronous grids. Issues pertaining to the power generati

the Global Grid, remote RES power plants can take advantag[aend transmission of the Global Grid are described in more de-

of the time diference between the continents in order to sell ailin Ref. [8].

their power always at peak prices. For example the wind farm

in Greenland can sell its produced power 50% of the time dur4, Harvesting RES from remote locations

ing the peak demand in Europe and 50% of the time during the

peak demand in North America. From there, an interconnected Tapping the renewable potential in Greenland, as mentioned

global power grid can start to form. in Section 2, would be a realistic example of how we could
Having an electrical connection between two continents, opprogress to global interconnections. Greenland has been se

portunities for electricity trade emerge, signaling thegres- lected in Ref. [8] as a representative example for three rea-

sion to the third stage. Wind (and solar) production is imier ~ sons. First, it has a significant wind and hydro potentia[$$]

tent, not utilizing the total cable capacity most of the tinhe ~ Second, it is close to Iceland; Ref. [10] has already shown

addition, peak demand between the continents is shiftécheyt  that the Iceland-UK interconnection is a viable option, lehi
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Figure 1: lllustration of a possible Global Grid. The bluetdd lines indicate the HVDC lines with a length over 500 kivattare already in operation. The HVDC
lines over 500 km currently in the buildifglanning phase are indicated in dashed red lines (the libttve illustrated HVDC lines is not exhaustive). The locati
of the RES power plants has been based on solar radiation, enagage wind speeds, and sea depths [8].

the two governments are currently discussing its possile r connection of the wind farm to Australia. Based on our calcu-
alization [11]. Third, all interconnecting sections alotigs  lations, detailed in Appendix A, the cable costs for a 4150 km
route have comparable lengths or sea depth to currentlirexis route from Kerguelenislands would lie between 0.019 USD and
projects (see [8] for more details). Importantis also thaggh-  0.054 USD per delivered kWh, dependent on the capacity fac-
land lies at equal distance from both Europe and North Amertor of the wind farm. The cost for wind generation for 2020 and
ica. Later in this chapter we will extend our analysis on @ree beyond has been projected in Ref. [14]. Onshore wind costs
land by exploring the possibilities for intercontinentade. are estimated to start from below 0.04 USD per delivered kWh,

In this section, we will move to the southern hemispherewhile offshore wind is projected to cost between 0.08 — 0.13
and we will study in more detail a wind farm on the KerguelenUSD per delivered kWh. All cost projections in Ref. [14] as-
islands. These are a group of islands located in the southern sumed a wind capacity factor of 40%. Given the strong winds
dian Ocean and belonging to France. Their climate is sirtolar that Kerguelen islands receive, the wind capacity factahat
Iceland and Falkland islands, with an average temperatxe bregion is likely to be around 60%. Furthermore, with an area
tween O°C and 10°C [12]. Kerguelen islands are characterizedof over 7,000 krA and only 100 residents, there is plenty of
by the high continuous winds they receive, having an averagspace available for onshore wind farms. Due to economies of
speed of about 9.7 5. In about 312.9 days a year they expe-scale, the wind turbine production, transportation, arsfaiir
rience wind gusts above 16/s) from which during 68.1 days lation costs should also decrease. As a result, we expect tha
the gusts exceed 28/min speed [13]. This is expected to have the wind production costs can start from as low as US$0.02 per
a substantial ffect on the wind farm capacity factor, which is kWh for onshore and should not exceed US$0.09 per kWh for
estimated at 60%-70% offshore wind farnts

Kerguelen islands are located approximately in equal dis- Figure 2 presents the total cost per delivered kwh, includ-
tance between South Africa and Australia (about 4000 km téng both production and transmission to South Africa, gldtt
South Africa and about 4150 km to Western Australia). In orde against varying wind production costs. In the graph we actou
to account for the less favorable case, in this analysis wesfo for three diferent capacity factors of the wind farm, i.e. 40%,
on the connection to South Africa assuming a cable length 050%, and 60%, as well two cable cost projections: a high-cost
4150 km. In this way, we can also gain insights for a possibleand a low-cost. Each colored area representffardnt capac-

ity factor, with the lower costs per delivered kWh corresgpiog

3wind turbines are typically designed to reach their rategbuiupower for
wind speeds in the range between 1/mand 25 nfs. Due to lack of addi- 4Kerguelen islands have resulted from volcanic formatidmssuch cases
tional wind data for Kerguelen islands, we assume that thedwirbines to  the sea depth increases quickly a few milégtioe coast. Therefore, we expect
be installed there will be designed such that the cut-ouedpell be around  that the majority of the wind farms installed on the Kerguakands would be
28 mys. onshore.
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Figure 2: Wind farm on Kerguelen islands supplying Southoafr Total cost per delivered kwWh (production & transmisgifor varying wind energy production
costs, wind capacity factors, and cable costs. Each cobmemticorresponds to afidirent capacity factor and presents the cost spectrum dieyenid varying cost
projections for the cable transmission and the wind powedgpction. With Wind-SA-Bid are shown the constant prices k#&h that wind power producers in
South Africa will receive, as determined in two rounds of enpetitive bid process.

to a capacity factor of 60% and the higher costs correspgndincreasing capacity factors the cable costs per transmitféll k
to a capacity factor of 40%. The bottom border of each colincrease. As a result, the wind energy production costsldhou
ored area represents the low-cost cable projections, lnle also decrease so that the wind farm remains competitive with
top border stands for the high-cost cable projections. As-a r the South African wind farms. With a 40% capacity factor, as
sult, the total wind production and transmission costs liéll we observe in Fig. 2, the wind production costs should not ex-
somewhere within a colored area depending on the wind erceed 0.033-0.055 USKWh in the worst case (depending on
ergy production costs and the cable costs. Beside the tot#he revenues obtained through the first or second round ef bid
costs for wind, in Fig. 2 we also plot the expected revenuei South Africa). Taking into account that Ref. [14] projetie
per kWh for wind energy production, as these were determinegroduction costs for onshore wind farms to start below 0.040
from the South African government in 2011. In August 2011,USD/kWh, values such as 0.083Vh can be highly probable
South Africa launched a competitive bidding process foeven by 2020 and beyond.

ables. Two rounds of bids took place and the selected pmoject Being already connected to South Africa, the wind farm can
are expected to be commissioned by June 2014 (June 2015 falso connect to Australia at a later stage, in order to take ad
Concentrated Solar Power Plants) [15]. The average indexeghntage of the time zone diversity and also facilitate elgity

bid prices for wind, expressed in USD, were 0.11 Y8Bh in  trade. As the distance from Kerguelen Islands to Australia i
the first round and 0.09 USkWh in the second round. These similar to the distance to South Africa, the cost projecticas
prices are also plotted as lines in Fig. 2. shown in Fig. 2, are also valid for the cable connection to-Aus

tralia.
As can be observed, for a wind capacity factor of 60%, the

wind farm on Kerguelen islands can compete with the local

South African wind farms, if the wind energyoductioncosts 5. Interconnecting two continents over remote RES loca-
are below 0.085 USBWh considering the low-cost cable pro-  tions

jection and revenues equivalent to the first round of bids in

South Africa. In case of higher cable installation costs viimd In our analysis in Ref. [8], we assumed a 3 GW wind fafffn o
energy production costs should fall below 0.075 YBIh. the east shores of Greenland is feasible and that someadnsest
Given the high wind potential of this region, and the fact tha have decided to connect the wind farm with a 3 GW line to
the wind farm can be built on the island, the wind energy pro-Europe through Iceland and the Faroe Islands. We investigat
duction costs, even under today’s standards, are not eegpectwhether a connection to North America would be profitable,
to surpass these values e.g. 0.075-0.085 BIh. With de- taking into account twoféects. First, due to the time zone dif-
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ference the wind farm will be able to sell its produced powerkWh’. For exercising electricity trade during 50% of the time,
always at peak prices, e.g., 50% of the time to Europe and 50%e profits can increase up to 42%. Table 1 summarizes our
of the time to the USA. Second, by creating a link between Euresults.

rope and the USA, over Greenland, opportunities for eletjri Concluding, it seems that being connected to both continent
trade between the continents emerge. As, the wind farm cawould be a profitable solution for the wind farm in Greenland.
produce power for a limited amount of time (we assume a cah the last two sections, we investigated two possible ssiof
pacity factor of 40%), the cable capacity can be reserved foincome created by building a transmission route from Eutope
electricity trade for the remaining hours. the USA over a wind farm in Greenland. First, selling the pro-
duced wind power always at peak prices, either in Europe or in
the USA. Second, by trading electricity between the contisie

o ) ~ Both options resulindependentlyo a profitable operation for
In our analysis in [8], we estimated that the cable can delivethe wind farm.

about 20 TWh per year — taking into account the transmission
losses. From this, about 10 TWh are allocated to the wind farn%
production. This means that for about 50% of the time theecabl ™
capacity is available for electricity trade. In Ref. [8], we carried out an analysis about the expected

By building the transmission route Greenland — USA, wetransmission costs per delivered kWh. We estimated the cost
found out that the costs per delivered kWh for the wind farmof a 5500 km, 3 GW submarine cable to be in the range be-
would increase by 21%-25%, assuming production costs dfween€ 0.0166 andE 0.0251 per kWh delivered, and we found
0.06 USDKWh®. If off-peak prices are half of peak prices, the out that, except for the most expensive RES generators, it
revenues will increase by 31%-33% which results in addi@ion seems that it would be more economical for the US to import
profits of 7%—12% for the wind farm, as shown in Table 1. RES power from Europe than operate its own fossil-fuel power
plant$.

Here, we extend our analysis in order to estimate if the cost
for a long submarine cable could be amortized through the rev

In this section, we focus on the electricity trade oppoFuni enyes arising by the electricity trade between the two eonti
ties that emerge from the connection of the wind farm to bothents. Again, we used the hourly spot prices for 2012 pro-
continents. Our analysis is basedreal price data for the year yided by PJM in the USA and EPEX in Germany [17], [16].
2012. We obtained the hourly spot prices from the Europeaf our calculations we accounted for the transmission bpsse
Power Exchange in Germany [16] and the PJM Interconnectiogyrred by an 8000 km long corridor connecting the USA with
in the USA [17]. Due to the time zoneftBrence between the Germany. We further assumed that before the realization of a
two continents, the two electricity markets experienceéiéd  direct submarine cable between the two continents, thelte wi
ent time points their peak and lowest prices. Our analysis ig|ready exist long HVDC lines on land in both Europe and the
detailed in Appendix B.2. We mainly examine two levels of ysa. Therefore, we considered that the investment costiof t
utilization: 30% and 50%. As already mentioned, 50% correproject correspond to the direct submarine cable between Eu
sponds to the maximum utilization rate of the cable for eiect rope and the USA, having a length of 5500 km and a capacity
ity trade (the rest is used in order to transfer the powergeed  of 3 GW. In our analysis presented in Appendix B.1, we es-
by the wind farm). We also investigate a lower utilizatioteraf  timate that for an 80% utilization of the cable (i.e. the eabl
30%, in order to account for a less favorable case (e.g. BgHUC js ysed only 80% of the time), the amortization period ranges
availability of the cable or of excess renewable energy).i®u  petween 18 and 28 years. For the less favorable case where
vestigations show that through the revenues generatedthem the cable utilization is 50%, the amortization period s
electricity trade, the route between Greenland and NorteAm g about 23-35 years, depending on the cost projections. Al-
ica can be amortized within 10-12 years with a 50% utilizatio  though such amortization periods might not be most attracti
and within 14-17 years if only 30% of the time the cable is usedor private investors, these results highlight that fronoaial
for electricity trade. Translating these results into gsofive  \velfare point of view, such a cable is beneficial for the stycie
find out that by exercising electricity trading during 30%loé
time, the net profitswill increase by 24%-27% in comparison  7The profits from the intercontinental electricity trade positive, i.e. the
with the case where the wind farm sells its wind power onlyrevenues surpass substantially the investment costsef@dtiitional line in all

to the UK and earns profit of 0.06 USD for each delivered c¢ases: However, thecreasen the final profit depends on the wind farm profits.
) Selling wind energy at higher prices to the UK results in Iowariation of the

total profit from the electricity trade revenues. In accoawith Section 5.1,
where the production costs are assumed equal to 0.06KYSMD profits of 0.06

5.1. Qfering RES power at peak prices

Intercontinental interconnections by direct lines

5.2. Intercontinental electricity trade

5As already mentioned, Ref. [14] projects production cobtess than 0.04
USD/kWh for onshore and 0.08-0.13 UB®Vh for offshore wind farms by
2020. By assuming higher production costs, variationsansmission costs
affect less the final cost per delivered kWh. In order to accoanttfe less
favorable case, we assumed lower production costs, alipthie transmission
cost increase to play a more significant role in the final cost.

6The investment costs of the additional cable have been tifrom the
electricity trade revenues.

USD/kWh imply a sell price of 0.12 USBWh. Here, we account again for the
less favorable case in our calculations, assuming that the farm generates
substantial profits by selling the produced power at a prgeet its marginal
cost.

8The study is based on electricity generation from conveatisources es-
timated in Ref. [14] with fuel cost projections based on R&8]. Unconven-
tional sources of oil and gas such as oil sands and naturadlgdss are also
considered in the projections of Ref. [18].



Table 1: Wind Farm in Greenland: Summary of the cost-beneéiyais results for connecting the wind farm to the USA

Transmission Route: Europe — USA over Greenland
Total Cable Energy Capacity: 20 TWh
Wind Farm Production Electricity Trade
Utilization ~10 TWh ~6 TWh ~10 TWh
(% of total time} (40%) (30%) (50%)
Profits 7% - 12% 24% — 27% 39% — 42%
Increase

aThe wind farm is located in the middle of the path Europe-U84 a result, it incurs only
half of the transmission losses. That means that the samerdrabpower, e.g. 10 TWh, can
bedeliveredin less time, resulting to a lower utilization factor of tmarismission path.

7. Discussion 7.3. Additional Benefits

Global Grid interconnections present additional oppd¥tun
ties that can prove beneficial to power systems. For example,
they have the potential to reduce the volatility of eledtyic
prices. They also allow the transmission of bulk power quan-
tities with less power losses. Power system security can als
%e enhanced through such interconnections, in two wayst, Fir
they provide additional pathways for the power to flow. Seton
due to the HVDC technology, theyffer independent active and
reactive power control, and can act as a firewall between the
systems they interconnect, not allowing disturbancesiteagh

In the previous sections, we saw how intercontinental inter
connections can take advantage of the time zofierdince and
smooth out electricity supply and demand. In this way, exces
electricity production will not be irrevocably lost, buatrsmit-
ted where it is most needed. Besides that, there are seweral
ditional opportunities that emerge from such a concepthén t
following we provide a brief overview of them. For a more de-
tailed analysis, referring to both the benefits and cha#srigat
arise, the interested reader can refer to [8].

7.1. Minimizing Power Reserves
8. Conclusions

With the increasing penetration of RES, the necessaryabontr
reserve capacity is expected to increase [19]. Globaldoter The Global Grid advocates the connection of all regional
nections can fber such services. Taking advantage of the timeo\er systems into one electricity transmission systenmspa
zone diversity, they can reserve control capacity in aré&sly  ning the whole globe [8]. Power systems are currently form-
lower electricity demand andfier it at locations which experi- jng |arger and larger interconnections, while ongoing ects
ence their peak demand at the same timekihg an additional  pjan to supply, e.g., Europe with “green power” from the Mort
source of control power — supplementary to the control k&ser sea. Environmental awareness and increased electriaity co
options available in each control area — significant coSngav  symption will lead more investments towards renewableggner
could emerge, as the building of additional “peaking” gas@0  sources, abundant in remote location§-&hore or in deserts).
plants for balancing renewable energy could be avoideds Thithe Global Grid will facilitate the transmission of this gn”
has been investigated by the authors in [20] who compared thgectricity to the load centers, serving as a backbone.
necessary conventional power plants in the presence orfnot 0 y4ying already introduced the concept in Ref. [8], this chap
interconnecting lines between regions. Their results fithb 1o, presented four possible stages that could gradualdytea

the European and a potential global grid showed that throughe gevelopment of a globally interconnected power network
interconnections the need for dispatchable convention&ep  pilding long transmission lines in order to harvest rentete

plants could be reduced by two to eight times. newable resources will be the main driving force in the first
stage of the Global Grid development. From there, a poirit wil
7.2. Alleviating the Storage Problem be reached, where a RES power plant will be in equal distance

from two power systems on fierent continents. Connecting

Bulk quantities of storage will be necessary for absorbinghe RES power plant to both continents in order to sell the pro
non-transmissible power and relieving congestion (e3]), [ duced power always at peak prices — taking advantage of the
The HVDC links of the Global Grid have the potential to alle- time zone diversity — will mark the second development stage
viate the storage problem in future power systems by alsgrbi of the Global Grid. As RES power plants usually have a ca-
excess power (i.e., with a low price) and injecting it intgioms ~ pacity factor below 50%, the remaining cable capacity can be
where it is needed more. In terms dfieiency, the losses of an used for intercontinental electricity trade. This sigrtaks pro-
Ultra High Voltage DC line (e.g.+800 kV) amount to about gression into the third development stage. As long as thigpro
3% for every 1000 km [21]. This would imply that a 6000 km from electricity trade are substantial, in the fourth depahent
HVDC line with the current technology has a bettéiicéency  stage direct interconnections between countries or cemtin
than pump-hydro or compressed-air energy storage. can start to be built. Introducing the four developmentssag



helps to Iay out a path Ieadlng toyvar(_js a glObal grld enVlron:l'able A.2: Kerguelen Islandsghtarrow South Africa: Transmission Cost per
ment. Nevertheless, the progression into these stagesndbes gejiered kwh (in USD).
need to happen in a sequential manner, e.g. the fourth stage c

follow directly the first, or the second and third stage cacuoc

Cable Costs Wind Farm Capacity Factor

simultaneously. 40%  50% 60%
Quantitative analyses for all four development stages have Low-Cost | 0.036 0.029 0.024
been provided in this chapter, showing that global intenemn High-Cost | 0.054 0.043 0.036

tions can be both technically feasible and economically-com
petitive. Exploring the possibility of a wind farm in Kergea

Islands in the Indian Ocean, we showed that it can provide reEurope _ North America over Greenlangor the route over
newable energy to South Africa at a cost competitive to the IoGreenIand besides HVDC cables, the building of HVDC over-
) ; . 7 . . %head lines will also be necessary. Thus, for HYDC overhead
Australia, leading to intercontinental interconnectiov& fur- lines, we assume a cost€f600 milliory1000 km, as also sug-

ther _est|mated that_ connecpr?g awindfarm in Greenlandto bo ested by [23] and [14]. The detailed cost analysis can baedou
continents results in a profit increase of 7%—-12%. At the sam Ref. [8]

time, the remaining cable capacity leaves room for inteticon
nental electricity trade. Based on real prices from Gernaanty  Europe — North America through a direct submarine cabiée
PJM in the USA for 2012, we found out that electricity trade assume a 3000 MW:800 kV submarine cable with a length
results toadditional profits of 24%—-42%. We concluded our of 5500 km. Note that the distance from Halifax, Canada to
calculations by conducting a cost-benefit analysis for adalir Oporto, Portugal is 4338 km, while the distance from New York
submarine cable between Europe and the USA. The revenu&sty to Oporto is 5334 km.
from the intercontinental electricity trade, based agaimeal
prices, resultin an amortization period of 18-35 yearsterda-
ble investments, depending on the cable utilization fadtbrs
highlights that from a social welfare point of view such a ca-
ble is beneficial for the society. Based on the results detail Appendix B.1. Direct submarine cable
in this chapter, additional studies are necessary on aitaihn In this section we detail the analysis we carried outin otder
economical and societal level. The research community anghvestigate the possibilities for electricity trade begénéurope
the industry should also be encouraged to actively padtei;m  and the USA. Due to the time zonefdirence, the peak demand
order to identify the challenges and develop the solutibas t and, thus, the peak prices are shifted in time. Opportignitie
could lead to a Global Grid. electricity trade emerge. Our analysis is based on reallyour
price data we obtained for Germany in Europe and the PJM in-
) o terconnection in the USA for the year 2012. For Germany we
Appendix A. Cable Cost Projections took the hourly spot prices for 2012 from the European Power
. . . Exchange (EPEX) [16]. For PIM we took the real-time prices,
~ In Ref. [8], we carried out a detailed analysis on the pro-anq specifically the system energy price, i.e. the price @mp
jected costs of a long HVDC submarine cable. In this work,nent which is the same over the whole PIM area ignoring cost
we will adopt the same cost considerations. We will assume g¢ congestion and losses [17]. We assume that the two power
3000 MW,+800 kV submarine cable. We selected #800 KV gystems are connected through an 8000 km line, from which
option, as we believe that for long-distance transmissi@her 5500 km correspond to the submarine cable between Oporto
voltage levels will be adopted. We distinguish between ta&tc 5,9 New York, and the rest 2500 km correspond to an HVDC
alternatives for the submarine cables. As a high-cost e@se, corridor between Oporto and Germany. We further assume that
assume a cost & 1.8 milliorykm for our 3000 MW line, the  py the time the investment for the intercontinental cabkesa
same as what was suggested in [22] for a 5000 MW sea cablg|ace, there will already exist several HVDC interconnausi
As a low-cost case, we assume the maximum cost of the comithin Europe as well as within the USA. These could be used
pleted HVDC projects (up to 2012 as presented in [8]). Thisior the power transfer between Oporto and Germany. There-
is €1.15 millioykm. The rest of the cost assumptions will be fore, as investment costs we assume the cost of the submarine
the same for both cases. Concerning the VSC converters, dé@ple between Oporto and New York. Still, our calculations
to the higher voltage and the large capacity of the line, we asike into account the incurred losses along the total leafyth
sume the cost of each terminal converter to&&00 million.  the corridor, i.e. the 8000 km.
For additional details, the reader can refer to [8]. We assume a time flerence of 6 hours between Germany
and the US east coast where the PJM interconnection is lo-
Kerguelen Islands.For the connection of Kerguelen Islands to cated. The hourly prices in Euros are transformed to US dolla

South Africa we assume a 3000 MWB00 kV submarine cable  through average monthly exchange rates for 20kPour anal-
with a length of 4150 km. Based on the cost assumptions above

anc_l in Ref. [8], Table A.2 presents the transmission COStS Pe  9g0urce: http://www.x-rates.com/average/?from=EURLto=
delivered kWh for diferent wind farm capacity factors. USD&amount=1&year=2012

Appendix B. Electricity Trade between Europe and the
USA — Detailed Analysis




ysis we assume that the investment takes place in 2012 but tlzeresult the transmission capacity cannot be used for potdita
revenues are generated during the next 40 years, as this is tarbitrage. Due to these twdfects, we assume that the “trans-

expected cable lifetime [24], [25], [10]. As data were axhbie

mission capacity factor” for electricity trade will be ab@0%

only for 2012, we assume that the prices over the next 40 yeassghile in the best case it will not exceed 50%. Table B.4 presen
will be similar to 2012, considering a discount rate of 3%, asthe amortization period for three utilization levels of tba-
suggested by [26, p. 9], and an inflation rate of 2.5%. We disble: 30%, 50%, and 80%. (The 80% level is only presented for
tinguish between three filerent utilization rates for the cable: comparison reasons with Table B.3.) As we can observe, for a
30%, 50%, and 80%. This reflects the equivalent amount ofitilization of 30% to 50%, the route Greenland-North Amaric
hours per year during which the cable is used. For examplesan be paid back within 10-17 years. It should be noted, ieat t
30% utilization means that the cable transmits power upsto itpayback period here does not take into account the additiona
full capacity during 30% of the time. For a 30% utilization, profits the wind farm will have by selling its produced wind
electricity is traded when the priceftirence is above 35 USD, power always at peak prices. It is also interesting to poirt o
for 50% utilization the trade takes place for prices above 23hat the route Germany-New York over Greenland has a sim-

USD, and for 80% utilization the minimum priceft#irence is
10 USD.

Table B.3 presents the amortization period for the subrearin
cable. The cable generates revenues by buying electridity w
a low marginal price in one continent and selling it at higher
system marginal price to the other continent. As it can be ob-

ilar distance to the route Germany-New York through a direct
submarine cable between Oporto, in Portugal, and New York.

Table B.4: Amortization period (in years) for the transraaspath Tasiilaq —
New York for a high-cost and a low-cost projection of the eabl

served, for a 50% and 80% utilization of the cable the payback Utilization
time is less than the minimum cable lifetime, for both thehhig Cable Costs 30% 50% 80%
cost and the low-cost scenario. For a utilization of abod30 Low-Cost 14 10 8
the cable is amortized only in the low-cost scenario. Hdre, i High-Cost 17 12 10
should be stressed that building a cable between the USA and
Europe is not primarily a for-profit investment. The goalads t
carry out an investment which will be beneficial for the sbcia
welfare. Thus, any amortization period which is less than th
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