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Abstract: This research implements a methodology to the joint assessment of the photovoltaic and
onshore wind investment roadmaps put forward by the main institutions in the field, International
Renewable Energy Association (Irena) and the International Energy Agency, to achieve a low
carbon emissions economy with near zero net greenhouse gases emissions. The two energies
taken together account for over 80% of the renewable energy deployments envisaged by both
roadmaps. The assessment is conducted according to economic criteria (the levelized cost of energy,
capital requirements and financial risks), and environmental (carbon avoided, its value, and its cost).
Given the recent Intergovernmental Panel on Climate Change (IPCC) report on the urgency to tackle
climate change, accelerated deployments of the roadmaps are assessed as well. Overall, it is found
that the roadmaps are financially sound, even under an accelerated scenario. Possible limits to the
deployment of renewable energies roadmaps derived from the availability of raw materials and other
constraints are also discussed, showing likely constraints for lithium batteries but not for photovoltaic
and wind energies.

Keywords: accelerated deployment paths; IEA; Irena; IPCC report 2018; photovoltaic and wind
energies; renewable energies limits

1. Introduction

This research reports the results of implementing the methodology presented in [1] to the
assessment of the joint roadmaps (RM) put forward by the International Energy Agency (IEA) [2],
and the International Renewable Energy Association (Irena) [3] to decarbonize the world economy by
2050. The joint report by both organizations was produced at the request of the German government for
its G20 presidency in 2017 and tried to answer the specific question of designing an energy transition
path that would limit the rise in global temperature well below two degrees Celsius (2 ◦C), as agreed
in the Paris Agreement. Both institutions therefore address the same question although with different
methodologies, notably the IEA includes all low carbon technologies while Irena stresses the potential
of renewable energies (RE). The resulting RMs show some similarities, although significant differences
due to the use of different models and tools as well. There are other published RMs tackling a similar
problem although less complete: e.g., (1) Ref. [4] considers the main 138 countries accounting for
most of the world energy demand, so coverage is not complete; (2) Ref. [5] is already some years old,
(3) Ref. [6] only consider the power sector omitting transportation, and, (4) Ref. [7] is very similar to [5].
Many other RMs consider only specific sectors of the economy or else a limited geographical area.

In both the IEA and Irena’s RMs, photovoltaic (PV) and on-shore wind energies cover up to
80% of the renewable energy sources (RES) considered, and therefore are the main concern of the
present approach. The methodology focuses on three type of questions: (1) economic and financial
assessment criteria; instead of the usual net present discounted cost of the investment RM, an alternative
measure called the levelized cost of energy (LCOE) is put forward as the main yardstick; total capital
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requirements are evaluated as well. (2) Externalities: (a) technology learning rates (LR) and the
ensuing capital price decreases, (b) estimation of the CO2 and other greenhouse gases (GHG) avoided
under several assumptions relating to fossil fuels replacement; (c) the social discount rate (SDR) as
a more appropriate discount rate from a global rather than a market point of view, and, (d) storage
requirements and their costs implied by the inherent intermittency of RES. (3) Financial risks, mainly
derived by the uncertainty in the LR equations driving capital costs as a result of increased installed
capacity. The latest Intergovernmental Panel on Climate Change (IPCC) [8] report regarding the
shrinking time window left to counter climate change is also reckoned: RMs with the same final targets
as those set up by Irena and the IEA, but being achieved far more quickly are analyzed in detail.

The paper is organized as follows: Section 2.1 reviews the main aspects of the methodology
implemented. Sections 2.2–2.4 discuss further the most relevant aspects of the methodology, and
Section 2.5 presents and discusses with some detail both RMs analyzed. Section 3 is devoted to
reporting and discussing the main empirical results: Section 3.1, LCOE and implied risks; Section 3.2,
avoided carbon and its value; Section 3.3, capital prices and other costs; Section 3.4, possible constraints
to the deployment and energy generated by RES. Section 4 gathers and discusses the main conclusions
and points to further research.

2. Materials and Methods

2.1. The Methodology

The specification and measures implemented to assess the energy investment RMs, involving
PV and wind energy are briefly commented next (a full account of the methodology is presented
in [1]). The conventional economic criterion to assess RMs is their implied total net cost discounted
to the present. As a complementary measure, the total amount of CO2 avoided, and possibly other
GHG are customarily given as well. A more encompassing economic measure, broadly defined as the
unitary break-even price of a given energy source is the LCOE. It is conventionally implemented for the
evaluation of individual energies, and it can offer a more complete perspective on the economics of a
complete RM of investments as well. This is because minimizing the LCOE, i.e., the unitary break-even
cost of energy, is akin to profit maximization, which is the principle under which competitive markets
are supposed to work efficiently; see [9]. Even when just one single energy source is involved this
implementation implies less obvious choices, the main reason being that then a social or global point
of view has to be considered, which implies accounting for all possible kinds of externalities as well as
the LR effect of capacity on prices. Questions derived from this global point of view, and other more
economic aspects which arise from the whole series of annual investments involved are tackled in the
empirical assessment reported.

Three types of related criteria are considered: (a) the unitary cost of energy as given by the LCOE
and total capital expenditures; (b) avoided carbon (AC) emissions and their valuation; and, (c) risk
measures. The calculation of the LCOE requires, as a first step, the specification of the LR effect on
prices derived from expanding installed capacities; see [10] for PV estimates, and [11] for onshore
wind estimates. Capital and remaining balance of system costs (BoS) can be derived from there
with additional specifications. Energy generated is calculated accounting for the depreciation rate
and lifetime of physical capital and its capacity factor. The RM assessment accounts for three main
externalities: First, as an appropriate measure of discount rate, a social discount rate is implemented
according to the discussion in the relevant literature—see e.g., [12]; second, storage needs implied by
intermittent renewable energies and their cost are also accounted for; and finally third, energy generated
by a renewable rather than by a fossil source, allows the estimation of the amount of carbon emissions
avoided by that investment and their valuation according to several possible criteria.
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2.2. Effective Capital Stock

Central to all calculations is the correct estimation of the effective capital stock after accounting
for wearing out as discussed next. Gross investment at time t, ∆Ct, given a finite maturity or lifespan
of the investment, ls, will have to recover the already obsolete investment made ls periods before, i.e.,

∆Ct = ∆RMt + ∆Ct−ls (1)

where ∆RMt is the capacity increase foreseen in the roadmap at time t, i.e., nominal investment. Ct is
therefore gross capital stock at time t, and denoting the rate of capital depreciation by δ, effective or net
capital stock, Cet, at t, will be given by the sum of all previous investments before the maturity date, and
appropriately discounted for depreciation, i.e.,

Cet =
ls−1∑
s=0

[
∆Ct × (1− δ)

s
]
. (2)

For the values ls = 30, δ = 1%, and a realistic capital growth rate of gC = 15, straightforward
algebra shows that this yields a value of 92.7%, i.e., a 7.3% reduction in the value of nominal installed
capacity, Ct. These are realistic values for PV energy: [13,14] give ls = 30, [15] ls = 25 and [16] an even
lower 0.5% depreciation rate. For the IEA values ls = 25, δ = 0.5%, the ratio yields a slightly lower
value, 90%, attesting that the correction is significant. For wind energy a study considering individual
site conditions and different turbine vintages found that load factors lost 1.6 ± 0.2% of their output
each year [17]. According to [17] this decay rate is similar to that of other rotating machinery and was
obtained under a variety of estimation methods, all yielding very close results. Regarding the lifetime
of wind investments a common accepted value in the literature is 25 years [18,19], and according to the
expert survey in [20,21], it is expected to increase 20% by 2030.

The next and immediate question to be considered is the energy generated by this effective
capacity at a future date in the RM proposed given by,

Et = Cet ×C f × hy (3)

where, Et is energy generated in period t, Cet effective capacity given in (2), Cf the net capacity factor,
and hy = 24× 365 = 8760 h per year; note that if Cet is measured, say, in MW, Et will be MWh, and
similarly for other measurement units. The net capacity factor of a power plant, i.e., the ratio of
its actual output over a period of time to its potential output operating at full nameplate capacity
continuously over the same period, varies significantly among different locations in the world, both for
PV and wind energies. Although a world average is dependent on the specific locations where the
facilities are located, institutions like Irena [22] have been tracking this measure for several years and
their results show that it was close to 20% in 2014 for PV and slowly increasing over time, because of
sunnier locations selected for the PV facilities and other minor efficiency improvements. Irena [22]
concludes that it will increase linearly to reach 25% in 2030 and will stay fixed at that value thereon.
As for wind energy, Irena [18] gives a world average of 28% in 2015 for the capacity factor and the
expert surveys in [20,21], suggest a 10% increase in 2030: these are the values applied in the empirical
simulations reported (see Appendix A for a summary).

2.3. Avoided Carbon

The total amount of AC emissions is a relevant measure for assessing an investment RM being
given as,

AC = kC
×

H∑
t=1

Et (4)
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where, Et is energy generated and kC is a measure of CO2 avoided per unit of energy generated,
e.g., kilograms of CO2 per kWh. If Et is measured in kWh and kC in kilograms per kWh accordingly,
then (0.001×AC) gives the total amount of avoided CO2 tons which is a standard measurement unit.
Similar values, according to different sources, for coal emissions, kC, are reported in the literature:
e.g., the IPCC gives 0.82 kgCO2eq/kWh [23], and the IEA 0.78 [24].

A related measure is the avoided carbon value (ACV) for the whole roadmap given by,

ACV = kC
×

H∑
t=1

(
Et × Pc

t

)
(5)

where, PC
t is the unitary price of the chosen measure for carbon, e.g., USD per kg of CO2, which simplifies

to ACV = (Pc
×AC) if Pc

t = Pc, i.e., is constant. A thorough and recent survey on methods for pricing
carbon from the global point of view, or social cost of carbon (SCC), is reported in [25]. The extensive
literature survey that they provide yields minimum values of 6.7 and 14.7 USD per tons of CO2 for
the years 2015 and 2050 respectively. Maximum values are also reported but are considerably higher
than average values common in the literature so that, finally, a rather conservative choice suggests
selecting the minimum values provided in the survey discussed [25]. Carbon taxes provide another
complementary measure, since they are the immediate cost from the individual perspective as opposite
to the global point of view of the SCC. A recent and thorough report conducted on behalf of the World
Bank (WB) by Stiglitz and Stern [26] suggests the values 40 to 80 USD/tCO2eq in 2020, and 50 to
100 USD/tCO2eq beyond 2030. Both valuation methods are implemented in the empirical results.

2.4. Risk Measures

A further set of questions which derive from the uncertainty of the statistically estimated LR
parameters and equations relate to risk, and specifically to financial risks. Given that the available LR
parameters are estimated and therefore are random, so are all simulated future values involving them,
and specifically the LCOE and capital expenditures. This uncertainty cannot be avoided although
it is possible to implement measures to control it. Two basic risk control measures proposed in the
literature are the value at risk (VaR) and the expected value at risk (EVaR). The equivalent measures in
this context are the LCOE or capital expenditures at risk (AR), and expected at risk (EAR); see [11,27].
Given a probability value, e.g., 95%, LCOE AR, (LCE), is the highest value that the LCOE can reach
within that probability, i.e.,

Pr
[
LCE ≤ LCE

]
= 0.95 (6)

and similarly for capital expenditures. LCOE expected at risk (LCE(EAR)) in turn is defined by,

LCE(EAR) = E
[
LCE

∣∣∣∣(LCE ≥ LCE
) ]

(7)

and yields the expected average value of the LCOE, should the unlikely event of the LCOE rising above
the 95% limit happen. As such, it is a complementary measure to the AR value. An entirely similar
analysis applies to capital expenditures. A further derived risk measure is the ratio of the expected
value at risk over the average value: This provides a gauge of the maximum risk as a proportion over
the expected value. Both measures are applicable to the LCOE and the financial capital requirements.

2.5. The Roadmaps Analyzed

The Irena and IEA RMs for both PV and wind energies are presented in Figure 1. Both assume a
departure from historic values with increased growth rates, almost linear in Irena’s case; both also
assume higher rates and end values for PV than for wind, more so towards the end of the period
considered. Finally, Irena’s RM is more ambitious, since it does not rely on nuclear energy and only
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marginally on carbon capture and storage technologies (CCS), whereas the IEA does (see Appendix A
for a summary).
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Accelerated RMs are considered, taking as given the end 2050 capital deployment values, C2050,
and imposing a constant linear investment, so that the end targets are achieved in 2030. Several
accelerated RM profiles are discussed in [9], the main conclusion being that the end RM date is far
more relevant to the criteria discussed than the specific profile, and therefore a linear investment
profile is not a significant restriction on the results. This accelerated deployment would match the
IPCC warning concerning the just 12 years remaining to decarbonize the economy [8]. For comparison
purposes delayed RMs are considered as well, assuming that no investment is conducted till 2030,
being constant from then on to achieve the specified RM end values in 2050. It should be remarked that
most published RMs forecast approximate constant linear investments with the exception of [4] which
assumes an 80% deployment of its final targets for 2030. More specifically, the RMs can be completely
specified by the following set of equations:

accelerated : ∆Ct =


(
C2050 −C2015

)
/15, t = (2016, . . . , 2030)

0, t = (2031, . . . , 2050)
(8)

delayed : ∆Ct =

 0, t = (2016, . . . , 2030)(
C2050 −C2015

)
/20, t = (2031, . . . , 2050)

(9)

3. Results

3.1. LCOE

Table 1 reports the main results of the analysis, both for specific LCOE values and their implied
risks. It is to be noted first, that the average LCOE value for the overall RM is substantially below the
starting value in 2016 (82 USD/MWh), and that the final value in 2050 is even lower; both values are
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given in Table 1 column I, and are highlighted in blue. These results hold overall for both RMs, being
more pronounced for the Irena case: Since the Irena RM assumes larger deployment values for both
energies, the immediate implication is that increased RE targets do not necessarily yield increased costs.
A second result can be drawn from the comparison to current electricity prices: In Europe, e.g., for 2016
Eurostat [28] gives the average values 81 EUR MWh for industries and 205 EUR for households (97,
246, USD with a 1.2 USD per EUR rate, respectively). These values are higher for industries and far
higher for households, even under the worst-case scenario as reported in the last row of Table 1, for all
cases and both RMs.

Table 1. Levelized cost of energy (LCOE) [USD/MWh]: Values and risk analysis. Value at risk (VaR)
and expected value at risk (EVaR).

Yardsticks
IRENA IEA

I II III I II III

(a) Averages for the Roadmap

Average 52.1 53.2 48.4 55.7 56.6 52.4
VaR 63.4 64.3 59.6 67.6 68.6 64.5

EVaR 66.5 67.9 63.0 72.2 72.9 68.6

(b) Year 2050

LCOE 38.6 38.9 39.0 43.3 42.5 42.6
VaR 49.6 50.0 50.2 55.5 54.7 54.9

Notes: (1) I, standard; II, accelerated deployment; III, delayed deployment. (See Equations (8) and (9), and Section 2.5);
(2) VaR, EVaR at 95% probability interval. (See Equations (6) and (7), and Section 2.4). Meaning of colors: blue,
favorable outcome; orange, acceptable value; red, risk warning; green, best outcome under specific assumptions.

Considering next, a straightforward accelerated path, perhaps the most strikingly noticeable
result is that the overall LCOE values only increase slightly: Table 1 column II, highlighted in orange;
this has to be weighed nevertheless, against the results for delayed deployments which yield somewhat
lower average cost values: Table 1 column III, highlighted in green. The overall conclusion may be
that strongly accelerating the RE deployments increases costs slightly, whereas strong delays do not
yield significant cost advantages. As for risks, the VaR and EVaR values in all cases lie in the range
20–30% higher than their corresponding averages, and although significant they are not large enough
to jeopardize the investment plans - highlighted in red in Table 1 column I.

Figure 2 depicts the probability density function (p.d.f.) for the average LCOE of the IEA RM:
the VaR is given by the right-hand side 5% probability, highlighted in light red, yielding 67.6 USD/MWh
as reported in Table 1 column I. It is worth noticing as well that the median value, 54.9 USD/MWh,
lies below the average (55.7 USD/MWh): This is a result of the right skewness of the p.d.f. underlining
that a better centrality cost estimation is somewhat lower.

Next, Figure 3 portrays the timeline of the LCOE p.d.f. for the IEA RM. The mode of the p.d.f.,
i.e., its highest value, as a centrality measure of the LCOE decreases along time: This is a result of the
increased capital deployed, and the implied lower capital costs because of the LR effects. Figure 3 also
highlights the shrinking p.d.f. along time, implying smaller derived values for both the VaR and the
EVaR respectively. It is worth remarking therefore that the uncertainty of the simulations decreases for
more distant periods, although further analysis shows that the ratio of interval probabilities to the
average of the distribution stays approximately constant.
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Finally, Figure 4 displays the relative contribution of both energies to the main economic yardsticks,
i.e., average LCOE for the RM and risk values implied by the p.d.f.’s. As before, only the distribution
of the IEA RM is analyzed since the Irena case is entirely similar. The upper side shows first that
the average LCOE for the PV energy is significantly lower than for the wind energy; the width
of the distributions is more alike nevertheless. The lower side displays the implied accumulated
probabilities, showing again that the risks implied by the wind energy are higher than those of the
PV energy. The overall conclusion is that wind energy increases the overall costs and risks of the RM.
Although a significant result, it does not imply that wind energy should be neglected, since there are
complementary issues regarding intermittency and resource availability constraints depending on the
specific sites where energies are deployed.
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3.2. Capital Expenditures and Avoided Carbon

Total capital expenditures for the overall RM are given in Table 2b column I, and although
significant they are not excessive when compared to world investment figures, highlighted in blue:
e.g., world GDP in 2017 was 81 tr. USD according to the World Bank, and considering the maximum
value for capital expenditures given by the accelerated case for the Irena RM reported in Table 2b
column II, i.e., 31.1 trillions, that implies a 1.2% GDP investment per year, to be compared with the
approximate 20% GDP annual investment actually observed data. It must be noted though, that for the
accelerated deployment case capital expenditures rise considerably: Table 2b column II, highlighted
in orange, almost doubling the figure for the delayed case: Table 2b column III, highlighted in green.
These results must be matched with the total energy generated by the RM in both cases though,
reported in Table 2a: As expected, now the balance becomes the opposite, showing much higher values
for the accelerated deployment. The pattern of risk values is similar to the LCOE, being in all cases in
the 20–30% range above the corresponding averages.

Table 2. Energy generated and capital expenditures.

Yardsticks
IRENA IEA

I II III I II III

(a) Energy Generated [PWh]

Total 362.1 457.9 267.1 227.4 292.7 173.7

(b) Total Expenditures [tr. USD]

Average 18.9 24.4 12.9 12.7 16.6 9.1
at Risk 23.0 29.4 15.9 15.4 20.1 11.2

Exp. at Risk 24.1 31.1 16.8 16.4 21.3 11.9

Notes: (1) I: standard; II: accelerated deployment; III: delayed deployment. (See Equations (8) and (9), and
Section 2.5); (2) VaR, EVaR at 95% probability interval. (See Equations (6) and (7), and Section 2.4); (3) All discounted
to present values (Energy and expenditures). (4) SCC, social cost of carbon; S.S., Stern-Stiglitz [26]. (5) PW = 109

MW; 1 tr. = 1 T = 1000 G. Meaning of colors: blue, favorable outcome; orange, acceptable value; red, risk warning;
green, best outcome under specific assumptions.
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The values reported in Table 3a,b, allow a final economic valuation of the environmental benefits of
the roadmaps: valuing the carbon avoided at moderate values, as those suggested by Stern-Stiglitz [26],
the value generated by one USD investment is higher than one: Table 3c, column I, highlighted in
green. This underlines the pure economic profitability of the RMs from the environmental point of
view, without accounting for the many other benefits of RES.

Table 3. Avoided Carbon (AC) and avoided crabon value (ACV).

Yardsticks
IRENA IEA

I II III I II III

(a) Avoided Carbon [tr. tons of CO2e]

Total 0.282 0.357 0.208 0.177 0.228 0.135

(b) Avoided carbon value [tr. USD]

SCC 3.79 4.36 3.21 2.34 2.80 2.07
S.S. 20.6 25.8 15.6 13.0 16.5 10.1

(c) Avoided Carbon Value (S.S.)/Expenditures (avg.)

Profit ratio 1.09 1.06 1.21 1.02 0.99 1.11

Notes: (see notes to Table 2).

Further insights into the contribution to tackle GHG emissions can be gathered from the analysis
of the years added by the RMs till the carbon budget (CB) is exhausted, assuming that emissions
continue in a business as usual (BAU) fashion: [3] gives 880 Gt CO2 for the remaining CB, which,
after applying a correcting factor to account for other GHG, would lead to an estimate of 1300 Gt
CO2e—the implied correction is derived by dividing total GHG emissions in 2017 over CO2 emissions;
see e.g., [29]. A closer estimate according to the last IPCC report would be 500 Gt CO2, equivalent to
740 Gt CO2e.

Table 4 reports the results assuming first that REs replace an average of the current energy system,
and second assuming that coal is the energy replaced. This last assumption may be justified since
coal is precisely the main energy that is already being phased out in the economy. Compared to the
available years implied by both CBs considered, the immediate implication is that the extra years
added are enough to meet the 2050 deadline for the [3] estimate, but not for the IPCC’s CB estimate:
This implies, in turn, that more expansive and accelerated deployment RMs should be considered.

Table 4. Avoided carbon and increased carbon budget.

Yardsticks
IRENA IEA

I II III I II III

(a) Avoided Carbon [Gt CO2e]

Roadmap 282 357 208 177 228 135

(b) n◦ of Years Added to the Carbon Budget

Avg. emissions 5.3 6.7 3.9 3.3 4.3 2.5
Coal emissions 8 10 5.8 5 6.5 3.7

Notes: (1) If the CB is 1300 Gt CO2e, then 24 years left under BAU; (2) If the CB is 740 Gt CO2e, then 14 years left
as BAU.

3.3. Capital Costs

The cost of one W of capital according to the wind and PV RMs in both cases is reported in
Table 5: In both cases the value approximately halves by 2050, and the VaR is less than 30% higher
than the corresponding average. This matches a similar result obtained for the LCOE and reported in
Section 3.1, concerning the approximate halving of the LCOE in 2050 compared to its 2015 value.
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Table 5. Capital prices [USD/W].

Year IRENA IEA

2015 (avg.) 1.30 1.30
2050 (avg.) 0.626 0.729

At risk (2050) 0.874 1.010

Notes: (1) Avg., averages; (2) at risk, 95% prob.

A visual display of the main cost components along time is depicted in Figure 5. It is worth pointing
out that in spite of the significant decrease of capital costs, as highlighted in Sections 3.1 and 3.2,
the relative weight of all cost components remains unaltered to a large extent. This implies in
particular, that BoS are expected to decrease along with capital costs, a result that is supported by
historical observation.Energies 2019, 12, x 10 of 15 
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It should be noted as well, that the so called ‘stranded assets’ as defined e.g., by the IEA [30], are
other costs implied by the implementation of renewable energy RMs. As a matter of fact, although the
deployment of carbon capture and storage (CCS) technologies provide some degree of asset protection
for fossil fuelled power plants, the IEA [2] reckons a total worth of 320 billion USD worldwide up to
2050 in terms of fossil fuelled power plants that would need to be retired prior to maturity. The IEA
warns also that if action were delayed to 2025, the value of stranded assets would roughly triple
enhancing the urgency of early RES deployment.

3.4. Limits to Renewables Energies

As the prospects for RES deployment required to counter warming weather increase, so does
the demand for required input raw materials. This might imply supply side restrictions of several
kinds, and some relevant results are discussed next. First, land availability might be an issue since
there are several competing uses for it. Regarding PV energy, some straightforward results show
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that even under unfavorable assumptions they are mild: e.g., considering 2 ha per MW PV, the land
requirements in both IEA and Irena RMs are less than 4% of the available world desert land [31]. As for
wind, that is not a special constraint since the area under the turbines could be used, or else turbines
are frequently located in otherwise unusable land, e.g., at high altitudes.

There is not a question about the availability of sun energy to supply world energy demand
(WED) many times over; this might be an issue for wind energy, though, given that the total kinetic
energy in the atmosphere is upper bounded. Agreed reported values in the literature downplay this
issue nevertheless: A lower range estimate gives the availability at 2.5 times the WED [32], and others
even suggest a 25 times multiple [4].

Regarding the availability of critical raw materials, a recent study [33] focusing mainly on
batteries and electric vehicles (EV) concludes that only cobalt may be scarce and become politically
sensitive, since extraction and refining are concentrated in just two countries, Congo and China.
Their study assumes that demand for EV increases massively and ends in 2025, so that there would
be much uncertainty left beyond that date. Another recent and broader study [34], based on a
thorough assessment of the literature concludes that estimated values for various metals and renewable
technologies vary widely, and that in particular the so called rare-earths are abundant, although their
extraction costs might be high. The study notes also that regarding PV and wind energies, the broad
agreement in the literature does not foresee any constraint regarding the availability of the metal
supply. It must be underlined finally, that the previous conclusions have been obtained assuming a
zero-recycling rate, an issue that is likely to be overcome partially in the near future.

The overall conclusion is therefore, that the main supply shortages are forecast for materials
required for batteries and EV, a hurdle that will require a redesign of the transportation system,
although solution proposals are already available [35,36]. The eventual discovery of new substitutes,
materials and technologies, should not be underestimated either.

4. Discussion

The two roadmaps analyzed to decarbonize the world economy, (1) are feasible from an economic
point of view, (2) deliver energy prices lower than current values at the end roadmap dates, (3) demand
a volume of financial funds and imply risks derived from several kinds of uncertainties manageable,
and (4) are environmentally profitable from a pure economic standpoint. The Irena RM, being more
ambitious in wind and PV capacity deployments, delivers better outcomes in terms of the lowest
energy cost as measured by the LCOE, and the largest savings in avoided carbon. The downside is the
higher required capital expenditures, which make the IEA RM more feasible from this point of view.

Taking into account the latest IPCC report accelerated deployments in just twelve years have also
been considered—the broad result being that the levelized cost of energy only increases slightly—this
underlines the conclusion that at least from an economic standpoint it is still feasible to reach ambitious
carbon reduction targets. Interestingly, the analysis of slow deployments does not yield significantly
lower costs, while yielding substantially diminished environmental benefits: This suggest that the
economic optimization of energy system designs should focus on the final roadmap date, rather than
on the specific path leading to it. Early research along these lines is already being conducted, applied
to single countries [37] and to the development of general methods [38].

Supply side constraints might arise in the implementation of the roadmaps, but close scrutiny of
land, energy, and raw metals availability only point to the need for a redesign of the transportation
system. This is not a straightforward issue however, although solution proposals have already been
made. Finally, more expansive and accelerated targets for renewable energy deployments might be
needed to limit greenhouse gases emissions.

The roadmaps discussed assume substantial population and real economic increases along the
whole period, relying on projected energy savings to yield final energy needs similar to current values.
These savings are appreciably higher than historical trends would suggest, so that their implementation
would entail significant economic changes. Coupled with recycling requirements, they will require a
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transition from the growth oriented linear economy, based on consumption and discarding of used
equipment to one based on moderate growth focused on the service economy.

Finally, the carbon avoided only adds a few years to the constraints implied by the carbon budget,
so that there is room for considering more expansive roadmaps than those envisaged up to now. In fact,
and given the urgency to tackle a warming climate, roadmaps are being increasingly published and
the methodology implemented here could be a useful assessment tool.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1996-1073/12/15/
2875/s1.
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Acronyms

AC Avoided carbon.
ACV Avoided carbon value.
AR At risk.
BAU Business as usual.
BoS Balance of system costs.
CB Carbon budget.
CCS Carbon capture and storage.
EAR Expected at risk.
EV Electric vehicles.
EVaR Expected value at risk.
PW petawatt
GDP Gross domestic product.
GHG Greenhouse gas.
ha hectare
IEA International Energy Agency.
IPCC Intergovernmental Panel on Climate Change.
Irena International Renewable Energy Association.
LCOE, LCE Levelized cost of energy.
LR Learning rate.
OECD Organization for Economic Co-operation and Development.
PV Photovoltaic.
RE Renewable energy.
RES Renewable energy sources.
RM Roadmap.
SDR Social discount rate.
VaR Value at risk.
W watt.
MW megawatt.
GW gigawatt.
WED World energy demand.
Wh watt hour.
MWh megawatt hour.
GWh gigawatt hour.
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Symbols
Ct stock of installed capacity in period t (nominal).
Cet stock of effective installed capacity in period t.
Cf capacity factor of a power plant.
CO2 Carbon dioxide.
CO2e Carbon dioxide equivalent (accounting for its warming potential including other GHG).
C2050 capital deployment target of the RM considered.
δ capital depreciation rate.
Et energy generated in period t.
gC capital growth rate.
H end horizon date (2050 in the empirical results).
hy n◦ of hours per year, i.e., 24× 365 = 8760
kC CO2 avoided per unit of energy generated (kg CO2e/kWh).
ls lifespan, or maturity, of capital investments.
PC

t carbon price, e.g., USD per kg of CO2
p.d.f. probability density function.
RMt, stock of installed roadmap capacity in period t.
tr. trillion, 1012.
y year.

Appendix A. Data Summary

The main technical parameters implemented in the calculations are summarized in Table A1 for convenience.
Basic data related to the two RMs analyzed is also reported. A complete and detailed account of all data, results,
and calculations, is available in the Supplementary Materials provided. The data and gnuplot programs required
to reproduce all figures are also provided.

Table A1. Main Roadmap data and technical constants.

Parameters PV WIND

(a) Technical Constants.

Capacity factor 20% 28%
Depreciation rate 1% 1.6%

lifespan 30 25
Learning Rate 20% 9%

(b) Roadmap (RM) 2050 Targets (GW).

Irena 6350 4800
IEA 3800 3300
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