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Abstract: Wind and solar PV have become the lowest-cost renewable alternatives and are expected
to dominate the power supply matrix in many countries worldwide. However, wind and solar are
inherently variable renewable energy sources (vRES) and their characteristics pose new challenges
for power systems and for the transition to a renewable energy-based power supply. Using new
options for the integration of high shares of vRES is therefore crucial. In order to assess these options,
we model the expansion pathways of wind power and solar photovoltaics (solar PV) capacities and
their impact on the renewable share in a case study for Germany. Therefore, a numerical optimization
approach is applied on temporally resolved generation and consumption time series data to identify
the most efficient and fastest capacity expansion pathways. In addition to conventional layouts of
wind and solar PV, our model includes advanced, system-friendly technology layouts in combination
with electric energy storage from existing pumped hydro storage as promising integration options.
The results provide policy makers with useful insights for technology-specific capacity expansion as
we identified potentials to reduce costs and infrastructural requirements in the form of power grids
and electric energy storage, and to accelerate the transition to a fully renewable power sector.

Keywords: variable renewable energy sources; wind power; solar energy; Germany; pumped hydro
storage; system-friendly renewables

1. Introduction

The rapid expansion of renewable energies worldwide has resulted in a steep increase in installed
capacities in recent years. Wind and solar photovoltaics (solar PV) in particular have seen a significant
increase in global installed capacities and have displaced conventional sources in terms of annually
added capacities worldwide. Climate protection is one of the key drivers for renewables, and especially
wind and solar PV have become cost-competitive in comparison to established non-renewable
sources [1].

Despite this dynamic expansion of renewables, there are several challenges ahead, since climate
protection aims call for an even faster transition to keep on track with greenhouse gases (GHG) emission
reduction [2]. Wind and solar PV are variable renewable energy sources (vRES). These inherently
volatile sources pose major challenges for their integration into the power supply system [3–9] and the
transition to a fully renewable power supply system [10–13].

Approaches to integrate the growing capacities from vRES are therefore the focus of much
research. For the technical integration of vRES, three important elements have been identified: (a)
electric energy storage; (b) an optimized capacity mix of different vRES; and (c) the introduction of
advanced technologies in wind and solar PV systems, also called system-friendly layouts of vRES.
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Electric energy storage is regarded as a key element for the integration of vRES to address the
volatility of vRES, to utilize excess energy (EE) and to balance supply and demand to maintain a secure
power supply [14–17]. Nevertheless, new storage technologies face either technological or economic
constraints and are still not available in the required TWh range. Mature, large-scale electric energy
storage solutions such as pumped hydro storage (PHS) face limitations in the physical potential of
many countries, as well as restrictions due to nature conservation. In fact, electric energy storage
capacities have not kept pace with vRES expansion in recent years [6,11,18–23].

A second important option is the optimization of the capacity mix of wind and solar PV [7,12,24–29].
Optimizing their shares allows exploiting the complementary production patterns of wind and solar
PV over various time scales, ranging from the apparent daily patterns of solar PV production to
seasonal patterns for both wind and solar PV [25,30]. In contrast, achieving high shares of vRES using
either wind or solar PV alone leads to higher variability in power supply and higher EE [29,31–33]
for a set renewable share (REN share) target. EE itself is likewise associated with a decline in the
marginal utility of additional vRES capacities, as the energy produced in times of EE is not substituting
non-renewable energy sources [3,5,10,34]. With many countries pursuing REN strategies with annual
capacity targets for specific REN technologies, optimal mixes of vRES can contribute to effectively
attaining these targets. Tenders for new renewable generation capacity in many countries could,
in principle, allow governing the future capacity mix through the expansion pathways for each REN
technology. However, there is to date little knowledge about an effective pathway for wind and solar
PV regarding REN shares to achieve future REN share goals.

A third option for the integration of vRES has been identified in technologically advanced wind
energy converters (WEC) and solar PV systems. Advanced technologies entail WEC with increased
hub heights and low specific power ratings compared to the rotor swept area (W/m2), as well as
solar PV panels facing east or west instead of the traditionally south-facing panels in the northern
hemisphere or north-facing panels in the southern hemisphere [35,36]. East-west-facing solar PV offers
improved technical system integration compared to standard technology, especially when introduced
in power systems with high shares of vRES [34,37,38]. The International Energy Agency (IEA)
“Grid Integration of Variable Renewables” research project (GIVAR) published a report in 2014 [39]
describing the contribution of advanced technologies in wind and solar PV to addressing the challenges
associated with the expansion of significant vRES capacities. These “advanced technologies” [38]
or “system-friendly” layouts of wind and solar PV installations [40] are important options for the
improved integration of high shares of vRES into power systems [39,41–43].

Existing studies cover only one or two of the three selected options: either optimized generation
mixes of vRES [11,28,44,45], the interplay of vRES with electric energy storage [15], or advanced
technologies for future vRES-based power systems [38,40,46]. Among these, Killinger et al. [46]
introduced advanced technology from solar PV with different azimuth and inclination angles and
determined the optimal regional vRES mix regarding economic efficiency, environmental sustainability
and the security of supply. This therefore covers a wide range of important options and targets.
Nevertheless, the article does not include electric energy storage capacities or the expansion pathways
towards the identified optimal mix from vRES. Becker et al. [28] investigated wind and solar PV
build-up pathways for different regions in the United States. Their analysis covers pathways for the
minimization of back-up energy as well as for economic cost. Central to the approach is the mismatch of
vRES power production and power consumption. A variety of cost-minimal pathways were identified
for the different regions, underlining that region-specific factors like the spatio-temporal potentials for
vRES as well as power demand play an important role, meaning that the analysis has to be performed
specifically for each region of interest. Unlike the approach presented in this article, two of the three
identified options for the integration of vRES are not covered: storage (option a) and system-friendly
technologies (option c). The incremental efficiency of every added capacity of wind and solar PV
on the renewable share is likewise not directly addressed, as build-up pathways are calculated in
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dependence of REN shares, which are not directly linked to capacity expansion as REN shares are
negatively affected by EE from vRES.

To overcome the identified limitations in the research for optimized pathways in vRES capacity
expansion, the approach presented here examines the effect of all three options on the efficiency
of vRES expansion pathways. This will allow identifying the most effective pathways to achieve
future REN goals from an overall capacity and REN share point of view and will enable us to assess
the performance of alternative configurations of vRES capacities and electric energy storage. Using
capacity expansion as the basis and calculating the resulting REN share offers a direct linkage to
renewable support schemes, as many countries implement technology-specific tenders that allow
directly governing capacity expansion for every vRES technology.

The main objectives of this paper are therefore to (i) provide a broad picture of how wind and solar
PV can be combined to achieve efficient pathways in capacity expansion to fulfill future REN targets,
(ii) identify the impact of advanced technologies in wind and solar PV against baseline technology,
and (iii) to investigate the impact of electric energy storage. Therefore, we developed an algorithm to
assess the incremental expansion of wind and solar PV by its impact on renewable shares (REN shares).
This is built on the vRES optimization model published in 2014 [38] and is extended to calculate a wide
range of capacity combinations, including electric energy storage from PHS as well as the identification
of efficient pathways in capacity expansion in wind and solar PV.

For our case study we selected Germany, as it is one of the countries that has already seen a large
expansion of vRES since 2000, exceeding 36.2% in REN share in 2017 [47]. Renewables, excluding wind
and solar, made up for 11.2% in power consumption in 2017, so that wind and solar PV will have to
provide more than 85% for the transition to a 100% renewable power supply at current consumption
levels. In combination with the implemented tenders for the expansion of wind and solar PV capacities,
Germany is a very suitable case study region.

The paper is structured as follows: in Section 2 we describe the input data, the investigated
technologies and the study cases. Section 3 provides details on the methods and modeling. The results
of the study are presented in Section 4, followed by a discussion in Section 5 and our conclusions in
Section 6.

2. Input Data, Technology and Study Cases

2.1. Input Data

We used hourly electricity feed-in (from onshore wind and solar PV, including capacity factors)
and net load data (representing electricity demand) for the years 2012 to 2015 for Germany, provided by
the Open Power System Data Platform [48]. Net load data was adjusted on an annual basis to comply
with the governmental projections for power consumption of 535.4 TWh/a [49,50]. The normalized
feed-in time series for wind and solar PV covers the variability in vRES production over a time period
of four years, and are up-scaled in order to model the future expansion of vRES capacities [38].

2.2. Technology Options

In accordance with [38–40,51], advanced technologies or system-friendly layouts include
technologically advanced WEC with low specific rated power and solar PV in a mixed setup of
south, east and west-oriented systems.

2.2.1. Advanced and Baseline WECs

The technology options considered in this study included onshore WEC with low specific rated
power which were developed for application in low wind regimes. In recent years, a decline in
specific rated power per rotor swept area from values in the range of 380–520 W/m2 (baseline
technology) to values well below 350 W/m2 (advanced technology) can be observed for new WEC
models [38,40,43,52,53]. Larger rotor diameters and increased hub heights allow increasing the energy
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output per installed capacity in terms of full load hours (FLH) (this principal relation, called the
Capacity Factor (CF), is another performance parameter. CF is defined as the ratio of the energy
actually produced by an energy converter to the energy that could have been produced if the converter
ran at its rated power over a given time period. For the period of one year, the CF can be converted
to FLH by multiplying the dimensionless CF with the 8760 h of one year.). Legacy onshore WEC
achieved only 1576 FLH per year on average in the 2012–2015 period according to the feed-in time
series data, whereas advanced WEC enable almost double the FLH and accordingly productivity per
installed capacity [54,55]. Furthermore, advanced WEC offer significant advantages in the reduction of
EE generation and the required overall installed capacity to achieve set REN share goals along with
reduced economic costs at high penetration rates [56,57].

Figure 1 provides an impression of the significant differences between baseline and advanced
WEC based on a short period of registered wind speed data from a wind farm in Germany (a) and
the effects on the annual duration curves (duration curves are created by ordering all hourly feed-in
or RL values in a descending order. The highest value is located on the very left of the graph and
the lowest value on the right side.) (b). It becomes apparent that although the two different WEC
(Enercon E-70 and Nordex N-117) have comparable rated power of 2.3 to 2.4 MW, their temporal
production characteristics (Figure 1a) and annual duration curves (Figure 1b) differ significantly, as
advanced WEC deliver twice the energy per installed capacity (equivalent to the area under the curve
in Figure 2b).
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Figure 1. Comparison of the time series for power production based on actual wind and performance
data from a wind farm in Germany (a) and generalized feed-in duration curves for baseline and
advanced wind energy converters (WEC) (b).
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Figure 2. Comparison of normalized baseline feed-in (PV(S) vs. modified advanced feed-in PV (E) and
PV (W) installations over 24 h.

The modeling of the time series data for advanced WEC was performed according to [38] based
on the registered time series of WEC feed-in in Germany. A scaling factor was iteratively determined so
that the time series reach 3000. The applied modeling has been published and cross-checked [38,40,58]
and a similar approach to modify feed-in time series is documented and used in the ENERGY Plan
Simulation model [59].

2.2.2. Advanced and Baseline Solar PV

Advanced layouts in solar PV, especially an east or west azimuth angle of solar panels and solar
PV systems, have been identified as an option to improve the integration of solar PV into the power
system [39,60–63]. Solar PV modules in an east-west orientation show a positive effect on the reduction
of EE as they enable a better coverage of temporal demand profiles [64] (Figure 2). With increased
capacities of solar PV systems in a south-facing azimuth, instances of EE production rise at mid-day,
while residual loads in the morning and evening hours remain unmet. Solar PV systems with fixed
azimuth angles facing east (PV(E)) and west (PV(W)) shift the feed-in pattern towards morning PV(E)
and evening PV(W) hours and therefore smooth feed-in profiles and reduce EE [65]. As a trade-off,
these solar PV setups have slightly reduced FLH in comparison to south-facing setups that maximize
energy production [35,36,61,66].

A composition of solar PV systems with an equal distribution of solar PV setups oriented south,
east and west were selected for the modeling of advanced solar PV. Solar PV systems facing east
PV(E) are modeled with feed-in one hour earlier and solar PV systems facing west PV(W) with feed-in
delayed by one hour compared to south-oriented setups. East and west systems also have reduced
FLHs of 869 compared to the 1000 FLHs assumed for baseline setups facing south PV(S) (see Figure 3).
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2.2.3. Electric Energy Storage

To implement the effect of electric energy storage [11,14] into the modeling, we included existing
electric energy storage from pumped hydro storage (PHS) currently installed in Germany. For the
modeling, we refered to the 9 gigawatt (GW) of PHS with a storage capacity of approximately 66
gigawatt hours (GWh) installed in Germany [14,50].

Other options for the integration of vRES, such as interconnectors for import and export or
demand side management (DSM), [67] were not considered.

2.3. Study Cases

This study aims to determine efficient vRES development pathways for both “baseline” and
“advanced” technologies and with and without electric energy storage from PHS. Therefore, we
established four cases illustrating the respective options (Table 1).

Table 1. Introduction of the four study cases.

Case Wind Power Solar PV Electric Energy Storage

Case (B)—Baseline
(non-advanced) technology

380–520 W/m2

1576 FLH
oriented south 100% no storage

Case (BS)—Baseline
(non-advanced) technology

+ electric energy storage

380–520 W/m2

1576 FLH
oriented south 100% PHS: 9 GW/66 GWh

Case (A)—Advanced
technology

<350 W/m2

3000 FLH
east 33%, west 33%,

south 33% no storage

Case (AS)—Advanced
technology

+ electric energy storage

<350 W/m2

3000 FLH
east 33%, west 33%,

south 33% PHS: 9 GW/66 GWh

For Cases B and BS, we used baseline or non-advanced setups from wind and solar PV, whereas
in Cases A and AS we applied advanced setups [38]. Cases BS and AS also included the modeling of
storage from PHS, so that EE production from wind and solar PV can be utilized and consequently
contribute to achieving higher REN shares (see storage section).

The overall annual net electricity demand for Germany was set constant at the projected
level of 535.4 TWh/a [50]. Other important factors for the integration of vRES into power supply
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systems, especially conventional Must-Run or other renewable energy sources (bioenergy, hydropower,
geothermal), can be included but are not presented here [15,39,68–70], primarily because the focus
of this study is on the inter-temporal patterns of demand and supply from vRES, and secondarily
because the simplicity of the approach should be maintained to provide a better understanding of the
basic interplay of vRES in power systems.

3. Methods

This study aims to investigate pathways for the effective capacity expansion of volatile renewable
energy sources. As key indicators, we calculated the renewable energy share (REN share) and the
cumulated negative RL, or simply EE. By comparing the indicators for different development pathways,
we can identify efficient pathways in the sense of maximizing REN share per additionally installed
capacity. All calculations were performed using MATLAB and all key components are presented in
this section.

3.1. Calculation of Key Indicator Renewable Energy Share

The renewable energy share (REN share) is the amount of wind and solar PV energy generated
and directly serving the power demand. EE from vRES does not contribute to the REN share in Cases
B and A, whereas in Cases BS and AS we modeled electric energy storage from PHS as an integration
infrastructure to make EE available to serve power demand and contribute to REN shares accordingly.
The resulting direct REN share over the course of the 4-year time series was calculated for every
capacity combination as:

REN share = 100 − 100 ∗
(

∑ RL post

∑ Demandt

)
[%], (1)

where REN share = renewables share, Demandt = electricity demand, RL post = positive Residual Load
(see Equation (3)), t = time step of 1 h in the 2012–2015 time-series data. RL neg or EE from vRES is not
accounted for. The Residual Load (RL) is the result of the scaled feed-in time series data for wind and
solar PV subtracted from the hourly time series data for demand:

RLt = Demandt − (Swind ∗ Windt + Ssolar PV ∗ Solar PVt), (2)

where Windt and Solar PVt are the normalized time series data for wind and solar PV representing the
feed-in of 3 GW installed capacity each, and scaling factors Swind and Ssolar PV range stepwise from 1 to
100 in order to reach from 3 to 300 GW in the calculation runs (see Section 2.3 Input Data). We selected
a step size of 3 GW, which is roughly equivalent to the annual capacity expansion target for wind and
solar PV in Germany.

Positive and negative RL is separately accounted for over the course of the 4-year time series data:

∑ RL post in case o f Demandt > (Swind ∗ Windt + Ssolar PV ∗ Solar PVt), (3)

∑ RL negt
∗ in case o f Demandt < (Swind ∗ Windt + Ssolar PV ∗ Solar PVt). (4)

* or simply EE from vRES.
For the cases including electric energy storage (BS and AS), Equations (2)–(4) were extended so

that the discharge from the combined electric energy storage is likewise subtracted from the hourly
demand data and thus increases the REN share accordingly.

RL < 0 AND CPHS < CPHS max then,
RLt = Demandt − (Swind∗ Windt + Ssolar PV∗ Solar PVt) + PPHS ∗ η,

(5)
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RL > 0 AND CPHS > CPHS min then
RLt = Demandt − (Swind∗ Windt + Ssolar PV∗ Solar PVt)− PPHS ∗ η.

(6)

The variables used in Equations (5) and (6) are:
CPHS = energy stored in PHS. Further constraints were set for CPHS max = maximum storage

capacity (=66 GWh), CPHS min = minimum storage capacity (=0 GWh), PPHS = maximum storage power
in/output (=9 GW) and a single cycle efficiency η of 90% [16] in the model code.

We modeled electric energy storage to identify how it enables the use of EE production from
vRES which is otherwise not contributing to the REN share and progressively curtailed. The modeled
PHS stores any EE in times of negative RL from vRES, and discharges the stored energy in times of
positive RL to contribute to the power supply whenever vRES are not fully meeting power demand.
This presented technical modeling of PHS is deterministic, so that no uncertainties are introduced.
Its performance was checked by a comparison to a spreadsheet calculation and proved to be adequate
for this specific approach.

All four investigated cases cover all combinations of wind and solar PV installations ranging
from 0 to 300 GW with a step size of 3 GW, resulting in a 100 × 100 array with 10,000 possible capacity
combinations. The calculated results for REN shares and EE were visualized as a surface plot and are
given in the Results section.

3.2. Algorithm for Efficient Pathways

To identify efficient pathways, we applied an incremental evaluation of the discrete values for
a REN share compared to its neighboring value in the 100 × 100 array by calculating the discrete
gradient between the neighboring REN share values on the surface (7):

∆ REN share ws

∆ added capacity ws
, (7)

where w is the indexed capacity from wind power in the 100 × 100 array and s is the indexed capacity
from solar PV in the 100 × 100 array.

By dividing the increase in REN share through the 3 GW of additionally installed wind or solar
PV, we calculated the resulting gradient per additionally installed capacity for every neighboring
grid node in the REN share array (see Figure 3). Following the highest gradients from grid node to
grid node forms a pathway in capacity expansion, which results in the highest increase in REN share
per installed capacity of wind or solar PV. This way, the most efficient pathways in the calculated
100 × 100 REN share array are identified, beginning at an initial point and performing an incremental
assessment and selection (this approach is, in principle, also applicable to more than two RES sources.
The necessary higher dimensional space needed to integrate more RES sources in one graph would be
less suited for a quick visual interpretation and is therefore not realized in this study). All resulting
REN share surface plots in this study show a convex or concave surface, enabling this basic algorithm
to identify efficient pathways.

The necessary discrete starting point can be, for example, a combination of 0 GW of wind and
0 GW of solar PV for no initial vRES deployment, or the capacity combination of 50.5 GW of wind
and 42.4 GW of solar PV installed in Germany at the end of 2017 [47]. This overall approach was used
to check the various combinations in vRES technologies and identify efficient pathways, as a higher
value for the gradient leads to a more efficient capacity expansion pathway compared to a lower value.
In Section 4.4 we will apply this algorithm to the calculated results to identify optimal pathways and
we will present residual load duration curves (RLDC) of selected results to showcase the immense
impact different pathways have on the structure of the residual load and especially on EE.
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4. Results

In this section, we present the results calculated for all four cases: baseline and advanced
technology, with and without pumped hydro storage. The results are presented through surface
plots and tables.

4.1. Baseline Technology Case B

4.1.1. Key Indicator REN Share Case B

The resulting REN share surface plot of the various capacity combinations on the 100 × 100 array
forms a bi-directional concave surface. Figure 4 shows a surface plot for the resulting REN share in
Case B, with REN share plotted on the vertical axis and installed capacities of wind on the horizontal
right hand axis and of solar PV capacities on the horizontal left hand axis.
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Figure 4. REN share surface plot for Case B, including the 2017 capacities from wind and solar PV
(point marking), and the 50% REN share marking for various combinations resulting in a 50% REN
share (mixed dotted-dashed line).

Starting either at a 0% REN share with 0 GW installed capacity for both wind and solar PV or
with 50 GW of wind and 42 GW of solar PV which were installed in Germany at the end of 2017, every
unit of capacity added results in an increase in REN share in the surface plot. Initially, additional
wind capacities on the right hand axis of the surface plot result in a steeper increase in REN share
compared to adding the same amount of solar PV capacities on the left hand axis. The initial gradient
on the left hand axis, representing additional solar PV capacities, is lower (0.89% per 3 GW of solar
PV) than the initial gradient for additional wind capacities (1.48% per 3 GW of wind). Furthermore,
a sole solar PV deployment of 300 GW only achieves a maximum REN share of 36%, compared to the
62% for wind for the same amount of installed capacity. REN shares above 62% can only be achieved
through a combination of both wind and solar PV. Overall, a declining gradient of the REN share
for a sole deployment of either wind or solar becomes apparent in the surface plot, which forms a
concave surface.
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4.1.2. Key Indicator EE (Negative Residual Load) Case B

Figure 5 shows the development of EE production in Case B. EE is also presented as a surface plot
and plotted on the vertical axis, with installed capacities of wind on the horizontal right hand axis and
of solar PV capacities on the horizontal left hand axis.
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After a threshold of roughly 20 GW from wind or solar is surpassed, a progressive production
of EE is apparent in Figure 5. In contrast to the REN share surface plot in Figure 4, the EE surface
plot forms a bi-directional convex surface. The convex surface of the progressive increase in EE is the
reason for the concave surface of the REN share surface plot in Figure 4, as without electric energy
storage EE does not contribute to serve the power demand and thus does not increase REN share.

Figure 6 demonstrates that EE is generated progressively when additional vRES capacities surpass
a threshold of roughly 20 GW from wind or solar PV. This is the tipping point of the marginal
improvement of additional capacities in the REN share plot given in Figure 5.
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4.2. Advanced Technology Case A

4.2.1. Key Indicator REN Share Case A

The corresponding surface plot for the advanced technology case (Figure 6) shows significant
differences from the baseline REN share plot (Figure 4).

While advanced solar PV again reaches about 40% REN share in a sole deployment of 300 GW,
additional capacities from advanced wind power boost REN shares faster than in the baseline case,
and a sole deployment of 300 GW of wind pushes REN share above 80%. The initial gradient on the
left hand axis for additional solar PV capacities is significantly lower (0.78% per 3 GW of solar PV)
than the gradient for additional wind capacities (2.87% per 3 GW of wind). REN shares beyond 80%
are only achieved by a combination of both wind and solar PV.

The results reflect the much higher energy production per installed capacity of wind compared to
solar PV in the advanced technology case (3000 FLH from advanced wind compared to 1536 FLH in
the baseline case; 869 FLH for advanced solar PV compared to 1000 FLH in the baseline case). As a
consequence, it is possible to achieve higher REN shares with the same installed capacities using
advanced technology in wind power.

4.2.2. Key Indicator EE (Negative Residual Load) Case A

The corresponding EE surface plot (Figure 7) indicates a much higher EE production compared to
the baseline case (Figure 5), especially from advanced wind power along the right hand horizontal
axis. However, the higher EE production does not contradict the greater effectiveness of advanced
WEC from a REN share point of view, as shown in Figure 7.
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4.3. Cases BS and AS Including Electric Energy Storage from PHS

As described in Section 2.3, we modeled electric energy storage from PHS to identify its impact.
The modeled storage enables the recovery of some of the EE from vRES, thus achieving higher REN
shares from a given vRES capacity.

To visualize the results, we have chosen a surface plot showing only the differences in REN share
between the cases with and without storage by subtracting the non-storage case from the storage case
(and thus not providing any information about the absolute increase in REN share). The resulting
differences surface plot (Figure 8) shows how storage boosts REN shares at different combinations of
wind and solar PV capacities.
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electric energy storage from pumped hydro storage (PHS); (a) for the differences between the baseline
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Comparison with Cases Including Storage

For wind and solar PV capacities below the already identified threshold of 20 GW, no EE is
produced and thus there is no effect from electric energy storage. For higher vRES capacities, the overall
REN share increase from the modeled storage reaches up to 2.9% in the baseline case (BS) compared to
the non-storage case B (Figure 8a). For high solar PV capacities, the addition of electric energy storage
enables higher relative gains in REN share compared to the gains enabled for the same amount of
wind capacities.

For the advanced technology case AS, a quite similar overall characteristic of the differences
surface plot is obtained (Figure 8b). The higher productivity of advanced WEC leads to an earlier
stabilization of the additional REN share.

The maximum additional improvement in REN share through PHS is about 2.9% at a 63% REN
share provided by a wind capacity of 135 GW and a solar PV capacity of 300 GW (for the advanced
technology case it is 2.8% additional REN share at 62% from 63 GW wind and 300 GW from solar PV).
For lower and higher overall REN shares, this additional improvement is reduced as either less EE is
available for storage or too much EE cannot be stored, either because of the limitations in installed
power from PHS or storage capacity from PHS. This peak in additional improvement in REN share is
therefore specific for each combination of power and storage capacity of PHS.

4.4. Efficient Pathways

Applying the algorithm for efficient pathways (see Section 3.2), the efficient capacity expansion
from wind and solar can be identified and illustrated as pathways on the REN share surface plot.
Efficient pathways starting from a zero wind and solar PV capacity combination are represented by the
dashed red line in Figures 9 and 10, and the pathway starting at the 2017 capacities in Germany (yellow
dot) is represented by the yellow dotted line. Figures 9 and 10 illustrate the identified pathways for
cases BS and AS. Cases B and A without electric energy storage show only minor deviations below 3%
in REN share (see Figure 9) and are therefore not depicted.
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Figure 9. REN share surface plot and efficient pathway for Case BS, including the efficient pathway
starting at 0 GW wind and solar PV deployment (dashed line), the efficient pathway starting at the
2017 capacities from wind and solar PV (dotted line), and the 50% REN share marking for various
combinations resulting in a 50% REN share (mixed dotted-dashed line).
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Figure 10. REN share surface plot and efficient pathway for Case AS, including the efficient pathway
starting at 0 GW wind and solar PV deployment (dashed line), the efficient pathway starting at the
2017 capacities for wind and solar PV (dotted line), and the 50% REN share marking for various
combinations resulting in a 50% REN share (mixed dotted-dashed line).

As apparent from Figure 9, for Case BS wind power was solely prioritized for REN share levels up
to 47%. Solar PV capacity was added only before this threshold, after which an alteration of additional
solar PV and wind forms the efficient pathway. When reaching the boundaries of the 100 × 100
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array, the pathway for Case BS reaches 76% REN share, with wind power clearly dominating the
capacity mix.

The same characteristics can be registered in Figure 10 for Case AS including advanced technology,
although the first deployment of solar PV is pushed back to 76% of REN. When reaching the boundaries
of the 100 × 100 array, the pathway calculated surpassed 87% REN share.

As shown in Table 2, the higher efficiency of wind power regarding the REN share per installed
capacity is significant and is responsible for the initial dominance of wind power along the pathways.
Efficient pathways do not include solar PV for REN shares below 47%. A comparison of Cases B
and BS with Cases A and AS for a 50% REN share clearly shows that PHS can reduce the capacity
requirement slightly but pushes the introduction of solar PV even further back along the efficient
pathways. Interestingly, comparing baseline cases against advanced technology cases reveals that
advanced wind allows for a reduction of almost 50% in required wind capacity.

Table 2. Overview of selected results from the calculated pathways.

Case B Case BS Case A Case AS

Initial ∆ REN share/∆ 3 GW
wind

Solar PV

0.89%
0.56%

0.89%
0.56%

1.68%
0.51%

1.68%
0.51%

REN share at which solar PV
is first introduced to
complement wind

47%
@

186 GW
wind

49%
@

192 GW
wind

74%
@

234 GW
wind

76%
@

240 GW
wind

Minimum capacity
requirement to attain 50% in

REN share

186 GW wind +
15 GW

solar PV

192 GW wind +
6 GW

solar PV

105 GW wind +
0 GW

solar PV

102 GW wind +
0 GW

solar PV

To complement the findings on pathways, we provide residual load duration curves (RLDC) in
Figure 11 to add one additional aspect associated with efficient pathways and capacity mixes for vRES.
The RLDC presented are directly derived from Equation (2) for three different wind and solar PV
capacity combinations, each enabling a 50% REN share in Case B. The duration curves are created by
ordering all hourly RL values in a descending order [14,29]. The highest RL value is located on the
very left of the graph and the lowest value on the right side. Values below 0 GW indicate negative RL
and the connected enclosed area between the RLDC and the zero line is equivalent to the EE produced.

On the right side of the duration curve, where excess power is located below the 0 GW RL level,
significant differences become apparent. For both solar PV and wind-dominated mixes (like the case
for 60 GW wind and 300 GW of solar PV in a solar PV-dominated mix or 186 GW of wind and 15 GW
of solar PV in a wind-dominated mix that is also part of the efficient pathway in Case B, see Table 2),
higher maximum excess power can be identified and the enclosed area under the curve (equivalent to
EE) is significantly enlarged compared to a balanced mix from wind and solar PV (108 GW wind and
114 GW solar PV). Especially for the solar PV-dominated capacity mix, high EE is generated with a
three-fold higher maximum excess power.

As indicated by Ueckerdt [10], the RLDC continuously becomes steeper on the right hand side
of the RLDC for high shares of wind and solar PV. Wind slightly covers peak load and increasingly
contributes to cover mid and base load, but also contributes to EE production, whereas a solar
PV-dominated capacity mix increases excess power and EE significantly.

The examination of RLDCs makes clear that different pathways have a huge impact on the
magnitude and volume of the EE produced. It is possible to deduce the energetic and temporal
structure of EE from the RLDC and identify how integration options like storage, demand side
management or interconnectors have to be developed in order to make use of EE from vRES.
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5. Discussion

The results provide a broader perspective on the interplay of wind, solar PV and power demand,
the effect of electric energy storage form PHS, as well as pathways towards high REN shares in a
case study for Germany. For power systems with a low initial REN penetration, wind power boosts
REN share per installed capacity more than solar PV. This is primarily due to the higher productivity
(full load hours) of wind compared to solar in the German case. Up to levels of installed wind
capacity equivalent to more than 47% in REN share, wind power is more efficient from a required
capacity perspective than solar PV, although significantly more EE is produced. Above this level, a mix
from additional solar PV and wind shows a better performance regarding the boosting of REN shares
compared to the sole addition of wind capacities. This is due to solar PV’s different temporal production
profile, which complements wind power to better match temporal demand patterns [20,31,32,46,71].
An indicator for this complementariness is the two-fold bend (bi-directional) concave surface of all
the REN share plots, as neither wind nor solar PV alone reaches very high values for REN share (e.g.,
>62% in Case B), so that a combination of both sources is required. Additional renewable sources,
enlarged electric energy storage, and DSM are key requirements for a fully renewable power supply.

5.1. Impact of Advanced Technology

Advanced wind power allows a significant increase of REN shares compared to the baseline
technology, as apparent from the sharp gradient of the REN share surface plot in Case A (Figure 5)
compared to Case B (Figure 7). In contrast, advanced solar PV, although allowing for a better coverage
of daily load profiles, falls short of delivering equal benefits regarding its contribution to REN shares.
Consequently, advanced solar PV is pushed back even further along the efficient pathways compared
to the baseline setups and is only effective after high REN share levels of 74% are reached in Case
A. Even considering the fact that EE production from advanced wind is increased, advanced wind
performs better than solar PV.

Advanced wind has been identified as the most effective measure for achieving high REN shares
from vRES. However, it comes at a trade-off of higher EE for REN shares at high penetration rates
(Figures 6 and 8).
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5.2. Effect of Electric Energy Storage

By adding storage capacities from PHS, EE from vRES can be recovered, which allows for higher
REN shares compared to a progressive curtailment in the non-storage cases. The REN share differences
plots showed a distinct effect of the modeled storage from PHS and that the interplay of PHS with
solar PV performed better than in combination with wind power. The specific power-to-capacity ratio
of the modeled PHS can be characterized as short-term electric energy storage, which is capable of
integrating EE with a high frequency (several hours for a storage cycle) and high number of storage
cycles but limited storage capacity. This characteristic of the existing PHS is ideal for the integration of
the daily production pattern of solar PV. However, contrary to our expectation, PHS does not shift
efficient pathways towards an earlier introduction of solar PV, as the generation from wind power also
benefits from electric energy storage. Therefore, for all cases calculated, wind power dominated in the
optimal pathways, especially in the advanced technology Cases A and AS.

5.3. Efficient Pathways

Efficient pathways for the capacity expansion of wind and solar PV show significant differences in
their required overall capacities of wind and solar compared to all other possible pathways presented.
The higher productivity of wind in terms of FLH in the case study region leads to wind-dominated
pathways in the presented cases, regardless of whether PHS was included or not. Storage and especially
advanced wind technology reduce the capacity requirement to achieve a 50% REN share, with an
almost 50% reduction in overall required capacity from vRES (Table 2). As far as overall installed
capacities are a criterion from an economic or technical point of view, wind power is identified as a
preferable vRES source until substantial REN shares of at least 47% are reached, although it comes at
the cost of increased EE production.

5.4. Transferability and Uncertainties

The presented findings cannot be fully generalized and directly transferred to other regions, as
load and vRES complementarities are specific to individual regions [29,72]. For instance, the findings
of Solomon [20] for the California state power system are affected by significant differences in demand
and vRES production profiles. This makes it necessary to identify efficient combinations and pathways
specifically for each region.

Since no field data for future cases of higher vRES shares in Germany are available, no direct
comparison of the calculated outcomes is possible, but results are in line with the findings of relevant
publications in the field regarding the effect of high vRES shares and the impact of electric energy
storage [3,15,24,29,40,45]. Input time series data have likewise been checked by the authors, as well as
by the scientific community using the data source [48]. To the best of our observation, all presented
calculations are reproducible as expected due to their deterministic nature. Selected results were
successfully checked based on alternative spreadsheet calculations of the modeling. Furthermore,
published studies for selected elements of the approach underline the validity of the presented
approach [11,25,31,40,45,59,73].

Clearly, the presented model is a simplified model in relation to the actual power system
and many other relevant aspects are not considered. Consequently, the results only highlight the
temporal integration aspects of vRES and do not cover other relevant aspects like economic costs,
land availability, acceptance etc.

6. Conclusions

This case study for the German power system widens the existing systems analysis approaches
with regard to the discourse of vRES integration in electricity systems and adds additional criteria for
the transition towards a vRES-based power supply system.
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The main objectives of this paper were to (i) provide a broad picture of how wind and solar PV
can be combined to achieve efficient pathways in capacity expansion to fulfill future REN share targets
in a storage-restricted energy system, (ii) compare the impact of advanced technologies from wind and
solar PV against baseline technology, (iii) and study the impact of electric energy storage from PHS to
make use of EE production from wind and solar PV. With these objectives in mind, our results indicate
the following conclusions.

The results show that the higher power production from wind energy per installed capacity leads
to a higher effectiveness of wind power, and effective pathways all depend on wind power in the first
place, with solar PV added only after a certain REN share provided by wind is surpassed.

The positive impact of advanced technologies was confirmed for the case of wind power, as less
capacity is required to achieve set REN share targets. For solar PV in a mixed setup of south, east and
west-oriented systems, the lower productivity of these setups is not compensated by their better
temporal matching with the demand profile from a REN share point of view.

Existing electric energy storage from PHS enables a better integration of wind and solar PV
into the power system and allows for a faster achievement of REN share goals in the modeled cases.
However, PHS does not result in an earlier introduction of solar PV along the efficient pathways.
For all different cases calculated, wind power dominated the efficient pathways, especially in the
advanced technology case, regardless of whether PHS was included or not.

To sum up: taking efficient pathways as a criterion for the future capacity expansion of vRES
in the investigated case, a wind-based capacity expansion provides a faster transition towards high
REN shares, even considering existing electric energy storage infrastructure from PHS in the region.
Per unit of installed capacity, a considerably larger fraction of renewable energy can be provided
from wind than from solar PV. Advanced wind power in particular provides higher productivity and
effectiveness along with benefits regarding system integration [39,40].

Support schemes and especially tenders for renewable generation capacities should therefore
ensure a steady capacity expansion of wind power, especially in the form of advanced system-friendly
wind turbines. The reduced overall capacity requirement additionally offers substantial potential to
reduce land use conflicts and environmental impacts, so that the results provide various connecting
points for an analysis of land use implications [74], environmental impacts and economic comparison.

Specifically for the case of Germany, which has an almost equal proportion of existing wind and
solar PV installations, the results underline the importance of wind power expansion in the coming
years to reach the governmental goals for 2030 and beyond.

7. Outlook

The assessment of advanced technology is the focus of ongoing research [16,40,42,52,65] and an
economic evaluation of the combined perspective of advanced technology and efficient pathways will
be helpful to prioritize renewable policies. With specific investment costs and levelized cost of energy
for wind and solar PV currently in the same order of magnitude in Europe [10,75–80], non-economic
aspects are likewise relevant to decide on future capacity expansion pathways. The possibility for
a quick capacity expansion of solar PV, contested public acceptance, as well as availability of sites
for wind power and environmental impacts, are additional aspects to be considered. Given the mid-
to long-term perspective that was taken in this case study, further advancements in technology and
innovations in vRES technologies and electric energy storage will influence the outcome of efficient
pathways as well.

Furthermore, a successful and fast transition to a fully renewable power supply system also
depends on the extent to which other renewable sources such as bioenergy, hydro and geothermal can
complement vRES in order to contribute to a secure power supply. Without additional contributions
from these non-vRES sources and at current consumption levels [47], wind and solar PV have to
provide more than 85% of the power supply in Germany. Therefore, additional integration options like
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new storage technologies, demand side management or a better coupling of the sectors for electricity,
heat and mobility are key factors for integrating high shares of vRES on power supply systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Case A advanced technology study case
Case AS advanced technology + electric energy storage study case
Case B baseline (non-advanced) technology study case
Case BS baseline (non-advanced) technology + electric energy storage study case
DSM demand side management
EE excess energy (equivalent to the cumulated negative residual load)
FLH full load hours, equivalent to the capacity factor of a power converter
GW gigawatt
GWh gigawatt hour
MW megawatt

RL
residual load (power demand minus renewable feed-in; renewable feed-in is limited to
wind and solar PV in the modeling)

REN renewable energy
REN share renewable share on power demand
solar PV solar photovoltaics
vRES variable renewable energy sources (primarily wind and solar PV)
WEC wind energy converter
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