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Abstract: This paper proposes a methodology to assess the impact of alternative electricity generation
and energy storage scenarios for meeting electricity demand on a national level. The method combines
real and synthetic electricity generation and demand data to investigate different decarbonization
strategies using solar and wind generation and electrical energy storage. This method is applied
to provide relevant case studies for two geographically similar electricity systems in New Zealand
and Great Britain. Newly available solar and wind data sets at hourly resolution are used within
this method for these systems to assess the potential contribution of these technologies and as such,
to refresh understanding of the impact of these technologies on decarbonization strategies against
historical and future demand patterns. Although wind, solar and storage technologies are found to
reduce the carbon emissions in both electricity systems, a key result is quantifying the impact this has
on traditional generation as a backup resource. In New Zealand an investment in wind and solar
equivalent to less than 15% of the wind/solar capacity in Great Britain is found to (i) reduce fossil fuel
use to less than 2% of annual electricity generation requirements in the data assessed and (ii) remove
the need for continuous operation of fossil fuel plants. Further, it is shown that existing hydro storage
potential could be used to create near complete decarbonization of New Zealand electricity

Keywords: energy transition; renewable energy potential; energy storage; plant dispatch;
decarbonization; electricity

1. Introduction

The increasing urgency to mitigate climate change [1] has shone a spotlight on how countries will
meet future energy needs in a decarbonized manner. In 2018, 87% of primary energy around the world
was derived from fossil fuels [2], the combustion of which emits greenhouse gases (GHGs). Analysis of
decarbonization scenarios for all energy vectors is completed at all levels of the energy industry from
policymakers through to technologists. In particular, energy policy analysis at a national and local
level is important in providing direction and providing a vision for how energy systems may change.
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By assessing a country’s energy needs on the one hand and its capacity for renewable and
low-carbon energy supply on the other, one can explore different scenarios for decarbonization.
This can compare factors such as their technical feasibility, economic costs, environmental effectiveness
and side-effects. Some examples of such national energy budgeting tools include the UK’s Department
of Energy and Climate Change 2050 calculator [3], the Netherlands’ Energy Transition Model [4] and
OnSSET, which has been used in Ethiopia [5], amongst other regions. A limitation of some of these
approaches is that they do not necessarily account for temporal variation in energy supply and demand,
which occurs on annual, seasonal, daily and hourly timescales.

Models such as EnergyPLAN [6,7], GeneSys [8], DESSTinEE [9] and Renpass [10] overcome this
drawback by modelling the dispatch of the available power generators to meet electrical demand,
timestep by timestep across a full year. These have been used for applications such as assessing how
to reduce curtailment of wind assets [11]. To assess alternative scenarios, generator capacities in a
time-series model can either be set using external knowledge of the system context or can be treated as
decision variables in an optimization problem. This approach is taken by models such as TIMES [12],
OSeMOSYS [13], Oemof [14], Calliope [15] and Temoa [16], wherein the objective is to minimize costs or
GHG emissions. In summary, time series models are vital for energy analysis, particularly in electricity
systems where supply and demand have historically needed to be closely matched in the absence of
electricity storage buffers. Indeed, effective energy storage modelling itself requires time series analysis
to understand charge and discharge behavior.

Two examples of electricity systems with high decarbonization goals and where an updated
temporal energy analysis is warranted are New Zealand and Great Britain. Both systems cover a similar
geographic extent but with vastly different populations and different generation mixes (as outlined in
the following case study). For example, in the case of the New Zealand, work has previously been
conducted [17] to understand future decarbonization. It was concluded that 100% renewable energy
was possible using wind, geothermal and bioenergy/hydro peaking plants. However, this excluded
lifecycle carbon emissions calculations, solar generation data, explicit modelling of electrical energy
storage and demand increases, all of which are important aspects in assessment of future energy
systems. Further, solar was excluded due to the nascent state of development at the time of publication
in 2010, which has since changed and further emphasizes the importance of new methods of analysis.

In Great Britain, historical wind and solar data are now available which permits new approaches
to the study of the system. Specifically, this means considering low carbon generation and energy
storage at national level and in a temporal model. Similarly, historical wind data and solar irradiance
data is available for New Zealand. This, alongside the wide availability of sub-hourly grid electricity
generation data for these systems permits a new approach to whole system energy modelling as well
as contextualization in terms of carbon intensity and the use of dispatchable generation considering
wind, solar.

This paper proposes a simple method to allow alternative wind, solar and energy storage scenarios
to be assessed and compared for meeting demand with hourly or sub-hourly resolution. Using this
method, we assess how solar, wind and energy storage can impact annual carbon abatement and
demand growth in Great Britain and New Zealand. Further, we seek to quantify the annual generation
requirement to meet energy demand when renewable generation is low and storage facilities are empty.
In addition to country specific insights into possible future energy generation scenarios, this paper
builds a framework which allows similar analyses to be performed in other regions of the globe.

2. Method

To assess the effect of alternative generation and energy storage technologies for meeting electricity
demand and the changing carbon intensity on a national level, a method for assessing the electricity
supply with different generation mixes and energy storage is presented in Figure 1. This determines
the electricity mix on an hourly or sub-hourly resolution as required or as data resolution permits.
The model uses a pre-defined hierarchical plant dispatch model (presented in a simplified form in
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Table 1) which reflects the technical constraints of various technologies in a particular market, as well
as a simple dispatch strategy for low carbon operation. For the purposes of this paper and for high
level assessments proposed here, these technical constraints are organized into “dispatch classes.”
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Figure 1. Plant dispatch model used in paper.

Inflexible plant is dispatched first (subject to historical availability) up to the required demand.
Dispatch class 1 (DC1) assets are those such as nuclear and geothermal plants which run continually in
the British and New Zealand markets, respectively, as well as distributed generation which cannot or
should not be curtailed due to technical constraints (i.e., run of the river hydro generators which are
not actively controlled).

If the demand is not met by inflexible plant, then more flexible low carbon generators (DC2) are
dispatched to maximize their contribution to energy and decarbonization. The available generation is
determined using historical generation data and simulations as described in Section 3. If DC1 and
DC2 exceed demand, then energy storage charging can occur using overgeneration. If the storage is
full, then DC2 assets are curtailed. If DC2 assets are insufficient to meet the demand of a particular
time step, then DC3 assets are dispatched—this class includes energy storage assets as described in
Section 2.1. If DC3 assets have exhausted their storage capacity or if they have insufficient capacity,
then DC4 assets are dispatched. DC4 assets are low priority/last to dispatch assets such as peaking
plant in a traditional market or potentially fossil fuels in a market with a high carbon price. These assets
provide electricity to avoid brownout issues during shortages in electricity generation from DC1, DC2
and DC3.
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Table 1. List of generation types used in the plant dispatch model.

Class Class Description Description

DC1 Inflexible Generation

Generation types which must run continually i.e.,
their historical dispatch cannot be changed e.g.,

nuclear, non-dispatchable hydro plants, embedded
wind and solar generation etc.

DC1hc High carbon generation with
dispatch restrictions

Generation types which cannot generally
economically run for short periods and which are

high carbon e.g., coal

DC2 Flexible low carbon generation
Low carbon generation types which can reduce their

output quickly or be curtailed as required by the
utility operator e.g., utility scale wind and solar

DC3 Energy Storage/Virtual Battery

Energy storage facilities which can be used to provide
charging and discharging of energy such as batteries
and reservoir type hydro plants which can be used to

provide charging and discharging of energy.

DC4 Dispatchable plant

Dispatchable generation which for technical,
economic or environmental reasons are dispatched

only when class 1–3 are insufficient to meet demand
such as gas power plants. This includes gas peaking

plants, flexible interconnectors or dispatchable
bioenergy generators.

In order to assess different energy scenarios for variable low carbon generation and plant
availability, the model scales historical dispatch data (see Section 3 for the data used in this paper).
This is completed using scaling factors which are designed to reflect alternative total installed capacity
of different generation types. This is a simplistic approach which assumes spatial diversity within
the existing dataset. To assess variations in demand, additional load is applied to the model using
different load shapes as described in Section 4.3.

2.1. Electrical Energy Storage

Energy storage (DC3) assets are distinct from other generating assets since the model needs to
reflect the fact that these can both increase generation requirements and provide energy to meet system
demand. Storage is split into the following categories in this model:

1. Virtual storage (VS): storage permitted through deferring the use of a generating asset, such as
hydropower where water is stored in a reservoir to be dispatched when there is insufficient
generation from DC1 and DC2.

2. Reversible electrical energy storage (REES): assets such as batteries which charge from electricity,
store it and then discharge electricity back into the electricity network.

For VS, energy stored during charge is the difference between the electricity dispatched during the
historical data and that required in the model after other generation is dispatched. For hydrogenation,
this reflects that water not dispatched for generation is instead kept within the hydro reservoir.
This water may then be discharge for generation as per the dispatch strategy up to the maximum
power capacity of hydro generation.

For REES, the capacity, charge/discharge rating and efficiencies are pre-defined. The storage
is charged when the theoretical maximum generation of DC1 and DC2 assets exceeds total system
demand. This is then discharged, after deducting efficiency losses, when the system is short on DC1
and DC2 generation.
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2.2. Carbon Intensity Calculations

Median lifecycle carbon intensity factors from the Intergovernmental Panel on Climate Change
have been used (Table 2). These represent the lifecycle emissions of plants which are already committed
(e.g., construction emissions of hydropower assets) as well as emissions in operation (e.g., combustion
of fuels). As average values, these allow assessment of generic carbon savings in the absence of specific
information on a plant by plant level. Within the model, the carbon intensity, Ct, of the electricity mix
at time step t, is calculated as follows:

Ct =

∑g
g=1 Cg.Eg,t∑G

g=1 Eg,t
(1)

where Cg is the carbon intensity of generation asset g at timestep t and Eg,t is the generation from asset
g at time t. This is extrapolated to determine long run carbon intensity, as required, in this model.

Table 2. Median carbon intensity of different electricity generating technologies—Median values from
ref [18] unless otherwise stated.

Technology Lifecycle Carbon Intensity (gCO2eq./kWh)

Coal 820

Combined cycle gas 490

Biomass co-fired with coal 740

Dedicated Biomass * [19] 23

Nuclear 12

Utility scale solar PV 48

Rooftop solar PV 41

Wind Offshore 12

Wind Onshore 11

Geothermal 38

Hydropower 24

Diesel [19] 778

* Note, as outlined in [20] this does not include CO2 absorption in growth and so alternative values are used

3. Case Study

Britain and New Zealand present an interesting comparative analysis for applying and testing
the model. New Zealand is an interconnected twin island electricity system with a large baseload
of hydropower generation which is supplemented with geothermal, fossil fuel (coal/gas) and wind
generation. Britain also operates an island network but with some interconnection to continental
neighbors. Despite having a comparable land area (242,000 km2) to New Zealand (268,000 km2),
Britain has a much larger electricity demand and population density and over 70% of electricity is
generated from nuclear, coal and gas. Conversely, New Zealand has over 80% of annual demand
met by low marginal carbon generators. In this paper, the method is used to compare different
decarbonizations routes for electricity scenarios in both countries. For the purposes of this paper,
Britain refers to parts of England, Scotland and Wales served by the transmission system run by
National Grid and New Zealand means North and South Islands.
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3.1. British Electricity System

British electricity demand was 274.9 TWh in 2017 and generation comprised a baseload of nuclear
generation with wind, solar and hydro generally dispatched at maximum capacity within demand
constraints. Gas, coal, biomass and imports (via interconnectors) are then dispatched in order to meet
demand requirements. With respect to modelling (Table 3) inflexible nuclear generation, distributed
solar PV combined with non-dispatchable hydropower are used to provide baseload electricity under
the DC1 asset class. Most existing solar generation and some wind operates in the DC1 class due to the
system operator not directly curtailing these. Large biomass plants are thermal/steam based plants with
less flexible dispatch and are therefore also classed as DC1. Offshore wind and large wind farms also
operated in the DC2 class, being curtailable by the system operator within the balancing system [21].
All existing and future grid solar generation is assumed to fall within this asset class if fitted with
control mechanisms for curtailment and as required for stable operation of the grid. Energy storage
assets, predominantly pumped hydro and battery storage plants, are considered to be DC3, whilst
DC4 assets comprise biomass and then gas and coal—although it is worth noting that all British coal
power stations are due to be decommissioned by 2025 [22]. Imports are also included as DC4 assets.

Table 3. Generation types in Britain and New Zealand as per the definitions in the method section. Note
that coal is not included in British electricity in line with a policy to decommission all coal generation
plants. The order of assets in each dispatch class shows the dispatch order within the class.

Dispatch Class Britain New Zealand

DC1 Nuclear, Behind the meter solar,
large biomass

Geothermal, Behind the meter solar
Inflexible hydro e.g., micro hydro

DC2 Hydro, Utility scale solar, Wind Run of River Hydro, Wind, Utility
scale solar, hydro

DC3 Pumped hydro, Battery Hydro reservoirs, Battery

DC4 Interconnector imports, Gas Gas, diesel, coal

As of December 2017, Britain had 16.9 GW of wind and 12.1 GW of solar PV [23]. 9.68 GW of
wind was registered in the balancing mechanism data used for this study as of December 2017 [24].
All solar PV generation data for Great Britain is provided from national PV output estimates from [25].
Within the model, the solar yield is 885 kWh/kWp, in line with the input data and the wind capacity
factor is 30.7%, in line with the average capacity factor of onshore and offshore wind in the UK
between 2017 and 2018 (25.7% and 35.6% respectively) [26]. For simplicity, a 50/50 split between
onshore and offshore wind is assumed for modelling purposes although this may be adjusted to assess
different policy scenarios. British solar PV data is available in the data used for other generation types
described above.

3.2. New Zealand Electricity System

New Zealand had an annual generation of 42.9 TWh in 2017 with 39.4 TWh of electricity
consumption which is down from a peak of 40.7 TWh in 2010 [27]. As of December 2017, the electricity
system used a baseload of coal and geothermal generation supplemented by 326 MW of wind and
72 MW solar generation [28]. Hydro is dispatched as needed in order to meet demand and is
supplemented by gas, bioenergy and diesel as required. Simplistically speaking, these are dispatched
according to a locational marginal pricing auction.

To simulate a low carbon dispatch in the model, geothermal is considered to be a DC1 asset
reflecting plant requirements. Wind, large solar and hydro are considered to be DC2 assets—assuming
that the system operator can curtail electricity generation from these plants. DC3 energy storage is
designated via the existing hydro storage plus energy storage. As of 2018, New Zealand has a nominal
store of approximately 4 TWh of storage in hydro lakes—although this is season dependent and
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includes storage reserved for periods of short supply [29]. Gas and diesel comprise DC4 plants. Within
the model data, wind is found to have a capacity factor of 60% which is exceptional and a product of
extremely high wind sites being selected in New Zealand for pilot projects. The wind capacity factor is
therefore scaled back to 40% which represents a more realistic capacity factor based on evidence from
New Zealand [30,31].

Hourly solar PV generation data have been derived using irradiance and temperature data over
the study period in solar PV modelling software PVSyst [32]. The PVSyst profiles in New Zealand
are weighted towards population by different regions to give an average pre-curtailment yield of
1,454kWh/kWp. This correlates with electricity generation yield from other sources [33].

3.3. Classification of Generation and Storage

The model requires hourly resolution data of the historical electricity generation mix. Historical
electricity generation data for New Zealand has been sourced from Electricity Authority datasets [34].
Data for the British electricity generation mix has been sourced via the Balance Mechanism Reporting
Service [24] and Sheffield University [25] to provide hourly dispatch of all major plant types in Britain.
The study period is 2017, due to the availability of good quality data from this period. A summary
of the generation types in New Zealand and Great Britain according to the categories defined in the
method is provided in Table 3.

Experimental Cases

The model is run with a finite number of cases which are designed to quantify and assess changes
to the generation mix and subsequent decarbonization.

• For New Zealand, wind and solar generation are incremented in 2 GW of capacity to 8 GW of
wind and 6 GW of solar respectively. Since solar generation is nationally reported on an hourly
level, the existing solar generation is assumed to be demand reduction that is, is not visible in
the data.

• For Great Britain, wind and solar generation is increased in increments of 7.5 GW. This higher
value is chosen due to the larger generation in this electricity system.

These are selected to provide a range of scenarios from present volumes of renewable energy
through to a scenario where the theoretical maximum output of DC1 assets plus wind and solar
generation exceed peak electricity demand.

Whilst the analysis and model has focused on the issues surrounding energy balancing, the impact
of issues such as market mechanisms, energy and networks constraints and the dynamic effects of
changing grid inertia and so forth have not been addressed in this paper. This is a deliberate choice,
as the model is to assess the pure energy feasibility of different electricity mix scenarios and it is
anticipated that similar modelling can be undertaken to assess whether technology propositions can
help achieve carbon targets or fossil fuel abatement.

4. Results

4.1. Model Application

In order to demonstrate the application of the model for subsequent result interpretation, a single
analysis is performed on both New Zealand and Great Britain electricity systems and assessed in some
detail. This is completed using a sample of summer data for Great Britain and winter data for New
Zealand to show the model in opposite seasons.

4.1.1. New Zealand

An investigation of the New Zealand electricity mix using fourteen days of generation from
August 2017 (which is typical of the annual electricity supply) is now described. In the counterfactual
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case shown in Figure 2a, there is a modest amount of baseload geothermal power supplemented by
unconstrained wind generation, hydropower, gas and high carbon plant to meet demand. A two week
analysis is shown in Figure 2b. Here, 2 GW of wind and solar generators are added. This particular
scenario is shown to abate all fossil fuel generation on four of the days and total fossil fuel use is
reduced by more than 80% compared to the counterfactual. In Section 4.3, this analysis is repeated with
various wind/solar generation scenarios to investigate impacts these can have on carbon generation
and fossil fuel use.
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Figure 2. (a) Historical and (b) modelled electricity mix in New Zealand 1–7 August 2017 through
application of the method proposed in this paper. Generation is in order of dispatch class. The model
includes 2.0 GW of wind capacity and a 2.0 GW solar PV.

The same scenario is next applied over the full annual dataset. The annual electricity mix and
carbon emissions are shown in Figure 3a and b respectively. Figure 3a shows that the wind and solar
generation reduce fossil fuel use to less than 2% of electricity generation over the year. Here, the
majority of greenhouse gas emissions were still attributable to coal and gas (Figure 3b), despite these
providing less than 17% of annual electricity. In the alternative scenario coal and gas are not completely
eliminated due to insufficient stored hydro, wind or solar to meet demand at certain times (as shown
in Figure 2b). However, the consequence of reducing fossil fuel use lowers overall emissions by 69%
with the simulated growth in renewable generation. The reduced annual hydroelectricity generation
requirement in the alternative scenario also means that the system is less exposed to lower reservoir
levels in dry years such as that which occurred in 2017/18 [35] by keeping water in the hydroelectric
reservoirs. The impact this has on utilization of fossil fuels is explored in Section 4.5.2

4.1.2. Great Britain

The method is then applied to data from the British electricity system. Figure 4a shows the British
electricity mix for fourteen days in August 2017. A baseload of nuclear generation is supplemented
by wind, solar, biomass and imports. Gas provides the most of supply and contributes most of the
carbon emissions since coal is removed from the simulation (Figure 5b)—in line with UK targets. In the
alternative scenario shown in Figure 4b, wind and solar have some days of oversupply followed by



Energies 2020, 13, 2799 9 of 19

days where there is high gas use as a result of low wind/solar generation. Over the year, the alternative
scenario shows carbon emissions reduced by 27.7%.
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Figure 4. (a) Historical and (b) alternative electricity mix in Great Britain 2–16 August 2017 through
application of the method proposed in this paper. Generation is in order of dispatch class. The alternative
scenario represents a scenario 7.5 GW of additional wind and solar PV.

4.2. Impact of Wind and Solar

The model is now applied to investigate how wind and solar can impact decarbonization and
DC4 utilization over a range of scenarios. Table 4 shows the carbon intensity of and percentage of
supply from fossil fuels in New Zealand with the 2017 electricity mix (97gCO2eq./kWh, 16.3% fossil
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fuel generation) and with the addition of solar and wind generation installed in a 12-month alternative
scenario. The higher capacity factor of wind generation means that lower carbon intensities and
higher fossil fuel abatement per kW of wind installed are achieved. However, the abatement of fossil
fuels and reduction in carbon intensity is highest through a strategy of employing both wind and
solar generation. There is a limit on the amount of fossil fuel abatement; there are always some days
with insufficient wind or solar generation where a dispatchable source must be used. The results
suggest that the installation of wind and solar should be controlled to balance marginal gains in carbon
reduction, costs of electricity and investment economics. Further, it is worth considering if the annual
energy requirements from DC4 assets can be met from low carbon sources such as bioenergy.
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Figure 5. (a) Annual historical and alternative electricity mix in Great Britain and (b) projected carbon
emissions from electricity generation with 7.5 GW of additional wind and solar PV.

Table 4. Carbon intensity of New Zealand electricity under different PV and wind scenarios
(gCO2eq./kWh) and (percentage of electricity supplied by DC4 assets). Note that the embedded carbon in
solar generation causes a rise in carbon intensity after a certain deployment due to overgeneration effects.

Additional Solar, GW

0.0 2.0 4.0 6.0

Additional
Wind, GW

0.0 97 (16.3%) 69 (10.7%) 65 (9.3%) 66 (8.9%)

2.0 38 (5.0%) 30 (2.9%) 31 (2.6%) 32 (2.5%)

4.0 26 (2.4%) 23 (1.4%) 24 (1.2%) 25 (1.2%)

6.0 22 (1.6%) 20 (0.9%) 21 (0.8%) 21 (0.7%)

8.0 20 (1.2%) 19 (0.7%) 19 (0.6%) 20 (0.6%)

Table 5 shows a sensitivity analysis of increased wind/solar generation in Great Britain with
associated reduction in carbon intensity and utilization of DC4 assets. As shown, the increase in
variable generation reduces carbon and DC4 utilization but the reduction is subject to a diminishing
return. Wind has a greater impact on carbon saving, due to the greater yield per unit of wind installed.

Figure 6 summarizes the diminishing impact of wind and solar on the use of fossil fuel generation
under various scenarios. This shows that it is difficult to provide 100% low carbon electricity with wind
and solar alone. Reflecting on Figures 3 and 4 in can be seen that wind and solar capacity in the limited
geographic spread of the UK and New Zealand still leaves times at night or on cloudy days where
solar output is too low or still days across the country when wind output is low. This suggests that
variation in wind and solar supply through greater geographic spread around the country could reduce
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the severity of local “peaks” and “troughs” in output. However, there will always be national level
decreases in output where DC3 (storage) and DC4 assets are required to be dispatched. The utilization
of DC3 and DC4 assets is explored in Section 4.4.

Table 5. Carbon intensity of British electricity under different PV and wind scenarios (gCO2eq./kWh)
and (percentage of annual electricity supplied by fossil fuel based DC4 assets).

Additional Solar PV Over 2017 Installed Capacity, GW

0.0 7.5 15.0 22.5 30.0

Additional wind
over 2017
installed

capacity, GW

0.0 232 (48.2%) 223 (45.9%) 214 (43.6%) 205 (41.5%) 198 (39.7%)

7.5 202 (41.2%) 193 (38.9%) 184 (36.7%) 176 (34.8%) 169 (33.2%)

15.0 174 (34.8%) 165 (32.6%) 157 (30.6%) 149 (28.8%) 143 (27.4%)

22.5 149 (29.3%) 141 (27.3%) 133 (25.5%) 127 (23.9%) 122 (22.7%)
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Figure 6. Annual energy requirements from DC4 assets under increasing wind and solar
penetration—Applied to (a) New Zealand and (b) Great Britain (fossil fuel based only).

4.3. Demand Growth

Increased electrical consumption is anticipated in Great Britain and New Zealand through a
combination of factors such as economic growth and electrification of heat and transport sectors.
For example, the New Zealand system operator expects electricity demand to increase from ≈40 TWh
in 2017 to ≈90 TWh in 2050 [36] under one scenario. In Great Britain, annual electricity demand
increases from ≈300 TWh to ≈412–475 TWh from 2018 to 2050 under various scenarios [37]. The model
is therefore extended to include load growth scenarios to determine the impacts on the electricity mix.

For New Zealand, load growth scenarios based on “scenario Waka” in [38] is examined.
This projects electricity generation will grow to 48 TWh by 2030 and 59.6 TWh by 2050. There are
numerous uncertainties to the shape of future load curve such as peak load impacts investigated in [9]
and impacts of smart charging and tariffs. For simplicity in this model, load growths are applied to
the demand requirements as daytime loads (6 am to 6 pm), noted as ‘day’ in Figure 7 and 24-h loads,
noted as ‘flat’ in Figure 7.

The impact of demand growth on generation requirements is shown in Figure 7. In (a) it is found
that the use of DC4 assets is less than 4 TWh in the most aggressive wind/solar case. This compares to
a total generation from coal and gas in New Zealand of 6.6 TWh in 2017. In (b) the increased carbon
intensity as a result of increased demand is found to fall below 2017 levels with the highest wind and
solar generation scenarios.
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4.4. DC4 Impact Factors

Figure 8 shows the impact that wind or solar generation installed in New Zealand and Great
Britain have in reduction of DC4 utilization before demand growth. As opposed to capacity, the
charts show the impact relative to energy (TWh) produced. The impact of both wind and solar
decreases rapidly in New Zealand as penetration approaches 100%. In Great Britain, solar and wind
are found to have a declining but not asymptotic reduction in DC4 usage in the range considered.
The results indicate an immediate impact of wind and solar in New Zealand will be larger than in
Great Britain in percentage terms—despite New Zealand having a more decarbonized electricity mix
in the counterfactual case.Energies 2019, 12, x FOR PEER REVIEW 14 of 21 
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Figure 8. Annual generation from DC4 assets in (a) New Zealand and (b) Great Britain under different
solar and wind generation scenarios—denoted by the maximum theoretical pre-curtailment generation
of each technology in TWh per year.

The reasons for this are shown in Figure 9 which shows that the wind data from Great Britain
has lower capacity factors and a more seasonal profile meaning that it is less likely to be able to meet
demand than New Zealand wind which is found to have a higher and more consistent capacity factor.
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This finding supports higher capacity wind that provide electricity more consistently over the—such
as offshore wind installations.
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Figure 9. Capacity factor of wind and solar generation as modelled for New Zealand and Great Britain.
Trends mirrored in (Ministry of Business, Innovation and Employment, 2019) (Ministry of Business,
Innovation and Employment, 2019).

4.5. Operating Considerations

4.5.1. DC3/Energy Storage Impact

A sensitivity analysis of the impact of energy storage on fossil fuel abatement in shown in Figure 10
for various solar and wind integration scenarios. Here, storage is charged from DC2 assets which
would otherwise need to be managed (e.g., curtailed) when the supply exceeds demand and the storage
is discharged when supply from DC1 and DC2 assets are insufficient to meet demand.
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Figure 10. Annual percentage of electricity from DC4 assets under different energy storage scenarios in
(a) New Zealand and (b) Great Britain.

In New Zealand, energy storage is found to have limited impact on fossil fuel abatement from an
energy balancing perspective until the installed capacity of wind and solar increases beyond 1.5 GW.
This is because there is little excess generation from wind or solar until this scenario. From this point,
increasing the amount of DC2 generation gives sufficient over-generation for charging the storage.
In the +2 GW Wind/+4 GW solar scenario (high DC2 penetration), a modest amount of flexibility,
5000 MWh is sufficient to reduce fossil fuel use by around 50%—although from a very low base.

In Britain, new energy storage capacity would practically have to come from investment in new
assets. However, in New Zealand it is worth noting that as of 2018, the total hydro storage is considered
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to be 4042 GWh divided between contingent and controlled storage [39]. Although there is limited
ability at present to pump water in the dams by means of storage, this study shows that doing so could
result in near complete DC4 reduction in the high DC2 cases—based on 2017 demand data. Further,
the DC4 utilization in this case is of a comparable magnitude to the bioenergy used in New Zealand in
2017 (Figure 2a) which suggests that decarbonization of the DC4 asset class may be worth considering
by policymakers.

It is noted that the DC3 impact on DC4 utilization is more significant in New Zealand than in the
UK. The highest storage scenario considered for New Zealand would meet average annual electricity
demand (4.7 GW) for 4.3 h relative to the storage in Great Britain meeting average demand (32 GW) for
2.4 h. This is likely due to the more consistent capacity factor of wind generation in New Zealand
(Figure 9).

4.5.2. DC4 Utilization

Figure 11 shows the dispatch behavior of DC4 assets under increased penetration of wind and
solar generation. In the base case, DC4 assets provide around 500 MW of power almost continually.
There is a reducing amount of time when the assets provide a large amount of power—such as peaking
loads or during outages of other plants. As the increase of wind and solar capacity changes the dispatch
of DC4 plants, these increasingly become utilized for intermittent rather than continuous operation.
This is due to wind, solar and other assets covering the DC4 requirements by approximately 65% of the
year. These charts show that increased investment in wind and solar reduces the need for DC4 assets
from a volumetric/energy perspective although the power requirement remains consistent. This shows
that providing DC4 capacity requires new operating models, such as plants designed for economic
dispatch with infrequent operation for example, gas peakers.
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Figure 11. Histogram of dispatch times of DC4 assets different generation alternative scenarios in
(a) New Zealand and (b) Great Britain.

5. Discussion

This paper has presented a simple method for assessment of integration of further wind and
solar within electricity grids by classification and scaling of different generation assets. This has been
applied to assess electricity supply in New Zealand and Great Britain.

The results show wind and solar investment can have a significant impact towards decarbonization
of both electricity systems, despite inherent variability of both generation sources. In New Zealand,
a modest wind and solar growth could mean that 99% of present electricity demands can be met
from low marginal carbon/renewable sources with consequent reduction in greenhouse gas emissions.
The results show, for New Zealand, +2.0 GW of wind and 2.0 GW of solar reduce DC4 assets to less
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than 2% of supply which contrasts with the work of [17] which used additional geothermal generation
and a similar amount of wind to achieve a similar result. To consider how small an increase in low
carbon generation this is, it is equivalent to 15.9% of the solar and 13.6% of wind generation installed
in the UK at the end of December 2017 [23]. In Great Britain, wind and solar also have an impact
on decarbonization and displacement of gas and coal plants, although this is less impactful than in
New Zealand in the range considered in this paper—possibly due to wind generation in New Zealand
having a more consistent monthly capacity factor (Figure 9).

In both systems, wind and solar are found to have diminishing carbon abatement impact as the
total install capacity of each generation type increases (Figure 6). This relates to the inherent variability
of generation from both sources, for example 4 GW of solar power may produce as little as 300 MW at
the midday peak on a national level when irradiance is low, yet sufficient to cause oversupply on other
days. This means that there is always an apparent need for either DC3 (storage) or DC4 (backup) assets.

An important result from this work from system operation perspective is the regularity
(or otherwise) at which the intermittent renewables are sufficient to cover demand. This changes the
dispatch strategy and requirement for DC4 assets—generation stations which are designed to provide
power in the absence of energy storage or renewables (Figure 11). The impact is most pronounced
in New Zealand, (Figure 11) and in the 2.0 GW of wind and 2.0 GW of solar scenario, where the
continuous requirement for DC4 assets for energy balancing is found to be <50 MW. Conversely, Britain
is found to need a 50% increase of wind and solar before DC4 use is close to being discontinuous.

As investigated in Figure 10, utilization of reversible electrical energy storage can impact the
decarbonization through shifting overgeneration to times of low wind/solar resource. In New Zealand,
the results support conversion of existing hydro assets to pumped or larger storage reservoirs as a
possible option if there is an explicit aim of 100% renewable energy generation. However, this should
be contrasted with the costs of alternatives such as biomass and hydrogen storage and needs to account
for impacts of dry hydrological years where lake levels run lower on average—as outlined in [35].
In Great Britain, storage has a low percentage impact on fossil fuel reduction and the lack of natural
hydro resource means that achieving storage of this scale requires other methods such as utilization of
batteries in electric vehicles or via interconnectors [11]. Further work should be adopted to quantify
and compare different national energy storage/DC3 strategies.

A sensitivity analysis has been performed of different electricity demand scenarios in New Zealand
(Figure 7). As expected, this shows that increased demand means additional low carbon generation is
required. In the scenarios assessed, the additional DC4 generation requirement is found to be lowest
when the demand is spread over 24 h rather than a daylight load only due to the availability of wind
for overnight load in the model data. However, smarter demand profiles which more closely align
demand to generation of intermittent electricity could be valuable. The results for New Zealand
are particularly interesting in the context of the Interim Climate Change Committee report which
investigated a 100% renewable approach by overbuilding wind and solar generation, energy storage
and demand response [40]. The results of this paper support an increased investment in wind and
solar but also quantify the reduced requirement and deployment of backup assets. This should be
considered when investigating the economic and carbon benefits or otherwise of “backup” assets in
work such as [41].

There remains a relatively high usage of DC4 style assets in Great Britain—the highest solar/wind
case in Table 5 still has more than 15% fossil fuel usage so the model sits outside the asymptotic
range. This suggests that the required wind/solar for DC4 reduction are at different volumes relative to
demand in Great Britain to New Zealand. This is in part due to the fact that the capacity factor of wind
generation in the data is more consistent through the year—see Figure 9 and [27] meaning that it abates
DC4 use through more time steps of the year. It should also be noted that the ability to call on relatively
large volumes low carbon hydro generation in New Zealand (Figure 3a) boosts the relative size of the
DC2 class each hour of the year. As such, there remains very little need for DC4 assets in New Zealand
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relative to Great Britain. This suggests that Britain should focus investment on low carbon DC1 and
DC2 assets (in addition to wind and solar) in order to reduce utilization of high carbon DC4 assets.

The model makes assumptions around the way in which plants are dispatched to represent high
level constraints in energy balancing and generation assets. These can be modified through altering the
dispatch strategy or adding new dispatch classes to assess factors such as different market designs, cost
optimization and energy storage dispatch strategies. However, by using historical data to represent
meteorological variables, plant availability and demand, the model ensures reasonable assessment of
future energy balancing with wind and solar within the power system– and the concurrent impacts of
and on energy storage and DC4 assets. This is relevant and possible due to the increased availability
and quality of wind and solar generation data. Further work on the model would introduce pricing
from different generation sources in order to assess impacts on wholesale prices, market design and
policy. Additionally, interventions which alter the yield and capacity factors of wind and solar or may
be assessed (e.g., bifacial modules or different turbine designs) by adding simulated outputs of these
plants into the model in the relevant dispatch class. This may also include simulation which reflects
wind/solar data at different locations or indeed projected outputs from other technology such as tidal
generation. The model has also only considered one meteorological year and as such the duration of
the model may be extended to cover a wider range of years. Sensitivity to electric heat may also be
explored, however it is cautioned that will need to consider correlations between weather and heat
demand which need to be carefully considered when adding an electric heat load to the model.

The generation data used in both case studies includes underlying demand plus (technical and
non-technical) transmission and distribution losses. Losses may be affected positively or negatively by
the location of generation and changing load flows. For simplicity and to avoid load flow analysis,
the impacts of transmission loses are not included in the model as these are best considered when
looking at the specific impacts of a particular project.

The model has not been used to assess impacts on system stability, however, this could be
performed by looking at the different operating states in which the future grid would operate within
the model. There are numerous mechanisms for abating system stability impacts such as using
hydro generation in a hot standby/spinning reserve mode [42], introducing artificial inertia in wind
generation [43] and/or using frequency keeping via battery energy storage [44]. For comparison in
Britain, penetration of low carbon generation (wind and solar) rose to 55.3% of demand on 21-September
2018 (reported in the media and confirmed by analyzing data from [21] and [25]). Transpower, the New
Zealand system operator, reported that the system could contain up to 4 GW of solar without major
issues using energy storage and potentially up to 10 GW with the hydro resource for management [45].

The work may also be expanded through integration of a more comprehensive wind dataset such
as that in national wind data sets [46] This is particularly important for a model for countries such
as New Zealand where wind is not evenly distributed around the country as it is in Great Britain.
As such, the Great Britain model more closely reflects future wind generation profiles as the wind data
used in the alternative scenarios represent a wider geographical and technological spread.

6. Conclusions and Future Work

This work has shown that a relatively simple method can be used with publicly accessible data to
assess different demand/generation scenarios on a country scale. For New Zealand and Britain, both
wind and solar are found to aid supply/demand matching and can assist with future decarbonization
of electricity. Firstly, they have an important role in decarbonization but one which changes with
changing demand patterns. Secondly, in sufficient quantities they can shift dispatchable generation
classes, which presently operate continuously, to infrequent operation, which may affect economic and
technical feasibility of some assets. Finally, the work shows that modest growth in wind/solar in New
Zealand can create a near 100% decarbonized electricity system which is robust to future load growth.
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