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Abstract—New system services, required for the efficient
operation of systems with high shares of variable renewable
generation, will change the make up of future generation
portfolios. Including these new system services within an
investment model demonstrates a shift towards more flexible
technologies. The resulting portfolios lead to reduced operating
costs and CO2 emissions, and highlight the importance of clear
long-term signals for investors.

I. INTRODUCTION

As renewable energy shares in power systems approach
and exceed 50%, significant integration challenges are
emerging and require changes to market design, regulation
measures and power system operation. Technical scarcities
can subsequently exist, including a shortage of frequency
and voltage control capability, network congestion and insuf-
ficient ramping margin and generation capacity. In many re-
gions, new system services have been implemented/proposed
in order to address some of these integration challenges
and to maintain secure and stable power system operation
looking forward [1], [2].

In order for future flexibility requirements to be met in
systems with high shares of variable renewable generation,
it is important that clear market signals exist for investors
and conventional plant owners, in order to either commission
new plant or retrofit existing generating units. Effective
markets for new system services will create such market
signals, and will change the shape of long-term investments
in power system generation. In particular, investments in
flexible technologies, such as energy storage, are likely to
increase under such a scenario. In turn, these investment de-
cisions will lead to changes in the costs of system operation,
and the economic viability of new and existing plant.

While unit commitment and economic dispatch models
have evolved to capture the impacts of the variability and
uncertainty associated with high levels of variable renewable
generation, traditional planning models typically incorpo-
rate insufficient temporal and operational detail (due to
computational and other reasons) to fully capture the real-
time requirements for such systems. Consequently, the value
of flexible technologies and energy limited resources is
often not fully captured. Long-term energy system models
(e.g. MARKAL/TIMES [3], OSeMOSYS [4]) consider the
interactions of multiple energy sectors, and often consider
several decades using a coarse temporal resolution, but with
limited operational detail [5]. It has been demonstrated in

various studies that these simplified representations overes-
timate the potential uptake of variable renewable generation,
and underestimate overall costs [6], with temporal detail
increasing in importance at high shares of variable renewable
energy. Key operational constraints identified for considera-
tion within the planning problem include reserves and plant
maintenance [7]. As energy systems become more integrated,
and with increasing shares of wind and solar generation
within the power system, there is a strong drive to close
the gap between short-term unit commitment and economic
dispatch models and long-term investment models [6]. This
can be achieved through the soft-linking of operational and
investment models, or by the co-optimisation of investment
decisions and operational scheduling [5].

A generic energy network optimisation tool, Backbone [8],
is capable of performing both investment and operational
optimisation. It is highly adaptable in different dimensions:
temporal, spatial, technology representation and market de-
sign. Such an approach enables analysis at sufficient tempo-
ral and operational detail, in order to capture the flexibility
requirements for systems with high non-synchronous shares,
while balancing model complexity against computational
effort.

In this paper, a range of flexibility service requirements
are explicitly modelled, including ramping products and fast
frequency response, and the impact on investment decisions,
and successful technologies, are explored for systems with
associated technical scarcities. System operational costs and
variable renewable generation curtailment, and the potential
for further expansion of renewable generation capacity, are
also explored for the alternative portfolios generated by
the investment model when different system services are
considered.

The remainder of the paper is organised as follows:
Section II outlines the methodology used, provides details
of the test system (based on the All Island power system
in Ireland) and describes the data and assumptions used.
Section III provides an overview of the obtained results,
while a discussion and the conclusions drawn from this work
can be found in Section IV.

II. METHODOLOGY

The highly adaptable model structure of Backbone allows
for the same input data to be used to define both an
investment model and a scheduling model. The year 2030



TABLE I
PLANT PORTFOLIO - STEADY EVOLUTION SCENARIO AND CORE

INVESTMENT MODEL

Steady Evolution Base Portfolio
2030
(MW) (MW)

Coal 0 0

Gas 5657 4100

Distillate / HFO 389 389

Onshore Wind 6678 6678

Offshore Wind 700 700

Hydro 216 216

Biomass 487 487

Solar 900 900

Pumped Storage 292 292

Battery Storage 550 0

DSM 500 500

DC Interconnection 1650 1650

CHP or Waste 290 290

is selected as a case study. A core generation portfolio is
defined (see Table I) which includes existing generation
assets which are expected to still be operational in 2030 -
i.e. installed capacity is lower than today, as older plant are
retired. Also included is the full complement of renewable
energy generation for the modelled Steady Evolution sce-
nario, one of four scenarios outlined by EirGrid, the system
operator in Ireland, in Tomorrow’s Energy Scenarios 2017
[9]. The Steady Evolution scenario assumes steady growth in
renewable electricity generation, and the economy at large,
with accompanying increases in electric vehicle and heat
pump adoption by consumers. Renewable generation is not
considered as an investment option - rather other investment
options are considered which will allow for the economically
efficient integration of the defined renewable resources. As
can be seen from Table I, the installed capacities are matched
for most categories, with the exception of gas plant and
batteries. The investment model enables investments in open
cycle gas turbine plant (OCGT), combined cycle gas turbine
plant (CCGT), or grid-scale batteries. Investment costs for
the gas plant are based on [10] at 866 e/kW and 655 e/kW
for the CCGT and OCGT plant respectively. No significant
changes in capital costs for these mature technologies are
anticipated by 2030. However, it is assumed that some
advances are made in terms of the operational flexibility
and efficiency of the modelled gas plant [11], [12]. For the
batteries, an energy power ratio of 4 hours is assumed and
a capital cost of 250 e/kWh is applied which accounts for
large cost reductions by 2030 [13] and a round-trip efficiency
of 85% is assumed.

Historical data from 2015 is utilised to generate the
wind, solar and load time series. Separate load time series,
representative of EVs and heat pumps are included and
scaled according to the expected uptake for the Steady
Evolution scenario, in addition to an increase in the baseload,
driven by the expected increase in data centres on the island.
The inclusion of these aggregated loads accounts for the
expected change in the overall load shape as new consumer
technologies are adopted. The combined time series results
in a peak load of 7744 MW. For the Steady Evolution

scenario, used as the basis of this work, three HVDC
interconnectors are included, two between Ireland and Great
Britain and one between Ireland and France (1650 MW in
total). Flows on the interconnectors are locked, based on
European power system simulations completed by EirGrid
as part of the EU-SysFlex project [14], using input data
from the same meteorological year. It is assumed that each
interconnector can provide up to 75 MW of reserve when
capacity is available to do so. For the investment model,
three representative weeks are selected based on random
sampling, i.e. three weeks are selected from the year which
best represent the net load duration curve for the year.

The objective function for both the investment model
and the scheduling model (see equation below) considers
fuel and carbon costs (vfuelCost

t ), start costs (vstartupCost
t ), and

variable O&M costs (vvomCost
t ) as well as penalties (vpenalties

t )
which are defined for the violations of energy balance,
reserve requirement and capacity margin equations. In ad-
dition, the investment model considers fixed O&M costs
(vfomCost) and capital equipment costs (vunitInvestCost) as part
of the objective function, with a capital cost and annuity
factor defined for each technology.

vobj =
∑

t∈T

(
vvomCost
t + vfuelCost

t + vstartupCost
t + vpenalties

t

)
+ vfomCost + vunitInvestCost

The three representative weeks used for the input time
series in the investment model are solved simultaneously,
while the scheduling model solves for 24 hours, with a
look ahead of a further 24 hours, at a 1 hour resolution
and a duration of 1 year. All units have been modelled
with minimum generation levels and minimum operational
and shut down hours. System operational constraints, for
stability and voltage support reasons, can also be included,
such as minimum system non-synchronous penetration levels
(SNSP), and minimum required number of units on line.
However, due to the ambitious targets for renewable energy
generation in Ireland these constraints, ideally, should not be
active in the 2030 scenarios. In this work, an inertial floor
of 17.5 GWs is enforced.

As discussed in Section I, the level of temporal and
operational detail is of great importance when considering
appropriate investments for future systems with high shares
of variable renewable generation. While all simulations com-
pleted using the investment model consider the operational
constraints described above, in addition five different reserve
cases are also considered - i.e five different combinations
of reserve requirements are considered explicitly within the
investment model (see Table II), while a capacity margin
of 1000 MW is selected, based on 10% capacity reserve,
taking account of the lower peak demand that occurs in
the 3 representative weeks [15]. These reserve cases drive
changes in the optimal investment decisions, and allow for a
comparison of the investment decisions with different levels
of operational detail within the model. From these results,
a detailed unit commitment and economic dispatch for one
year at an hourly resolution is completed with a generation
portfolio consisting of the investment decisions in addition to
the core portfolio for each reserve case. This enables a more
detailed estimation of operating costs and CO2 emissions.



TABLE II
RESERVE SCENARIOS

Reserve Scenario Description
A No Reserve (Capacity Margin Included)

B POR only

C POR & FFR only

D POR & 1 Hour Ramping Product only

E POR, FFR & 1 Hour Ramping Product

Reserve requirements for primary operating reserve (POR)
and fast frequency response (FFR) are based on a percentage
of the largest single infeed (POR - 75% LSI, FFR - 50%
LSI). POR (previously the fastest reserve product on the Irish
system) must be delivery within 5 seconds and maintained
until 15 seconds after a frequency event. FFR is a new, faster
product which must be delivered within 2 seconds after a
frequency event. It is also anticipated that systems with very
high shares of variable renewable generation will require
greater ramping capabilities from the generation portfolio.
1 hour ramping is calculated based on the wind generation
level and 95% confidence intervals are calculated to ensure
that most forecast errors can be covered, as outlined in [16].
Minimum quantities of primary reserve are also enforced as
per EirGrid’s operational constraints [17], ensuring minimum
values of 184 / 124 MW are available for POR (the lower
values from 00:00 - 07:00 inclusive). A further requirement
ensures that the above minimum values for POR can be
met by regulating sources (e.g. while the fixed-speed pump
hydro plant can contribute to POR when pumping it cannot
contribute to the dynamic POR requirement).

III. INVESTMENTS & SCHEDULING RESULTS

A. Investment Model

An overview of the investment decisions for each of the
five reserve scenarios can be seen in Figure 1. The capacities
in the Steady Evolution scenario [9], are only provided
by fuel type. Combining the OCGT and CCGT capacities
generated for the reserve scenarios allows for comparison.
Reserve scenario E, which includes the three modelled re-
serve categories, most closely matches the Steady Evolution
scenario, although the battery capacities are still lower by
more than 200 MW, with the overall gas plant capacity
higher by a similar amount. Based on the assumptions
outlined in Section II, and including the system services
outlined in Table II, the large capacities of batteries described
in the Steady Evolution scenario are not justified. However,
within the model all batteries are dispatched centrally in
order to minimise system costs.

Reserve scenario A (i.e. reserve requirements are not
imposed within the investment model) can be seen to be an
outlier compared to any of the other reserve scenarios. When
reserve requirements are neglected, most of the capacity
investments are in the relatively inflexible CCGT plant. No
investments in battery technology occur. As the investment
model uses detailed chronology - representative weeks at an
hourly resolution, batteries can provide valuable load level-
ling services and peak capacity. However, despite accounting
for significant cost reductions by 2030, the assumed capital
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Fig. 1. Investments by generation type for five reserve scenarios

costs are still too high when only load shifting is required
from the batteries on a planning time-scale (see Section IV).

Once reserve requirements are included in the investment
model, there is a shift away from the comparatively inflexible
but high efficiency CCGT plant to the more flexible OCGT
plant and batteries, with most capacity coming from OCGTs
in the remaining reserve scenarios. While the OCGT plant
has the lowest capital cost, it has the highest fuel cost, due
to the reduction in efficiency compared to CCGTs. However,
the increased flexibility of these plant, with lower minimum
generation levels, higher ramp rates and improved reserve
capabilities, means that a large shift away from CCGTs
in favour of OCGTs occurs in reserve scenarios B → E.
Batteries are the most flexible investment option included,
given that they are assumed to have 0 MW minimum
generation levels and can provide their full capacity for any
of the reserve categories. Despite the high capital costs,
batteries are selected as investments in all of the reserve
scenarios B → E.

Comparing reserve scenarios B & C, the introduction of
FFR results in an increase in battery investments of 11%
(29 MW), while also enabling increased investments in the
baseload CCGT plant. On the other hand, when reserve
scenario B is compared against reserve scenario D, the
introduction of the 1 hour ramping product sees investment
shifting towards the OCGT plant type, away from batteries
(a decrease of 11%). The cheaper OCGT plant can provide
ramping services and a sustained response from an off-
line state, hence at a low cost. The reserve scenario which
results in the most flexible portfolio (and highest investment
costs) is reserve scenario E, when all three reserve categories
are included in the investment model. A comparison of the
annualised investment costs for each of the reserve scenarios
can be found in Figure 2. There is a cost to providing the
additional reserve capacity, particularly for the fast frequency
response product.

B. Scheduling Model

Here, the results are presented for the scheduling model,
using the five plant portfolios generated from the investment
model and the five reserve scenarios. It is assumed that all
reserve products are required for the secure operation of the
system. While the capacity margin has ensured sufficient
installed capacities in each of the portfolios, the differing
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Fig. 2. Investment cost comparison between the five reserve scenarios
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Fig. 3. Operating cost comparison between the five reserve scenarios

portfolios provide different levels of flexibility, which result
in changes to the committed plant, operating costs, curtail-
ment levels of wind and solar generation and total carbon
emissions for the system, as seen in Figures 3 - 5.

A comparison of the system operating costs for the five
reserve scenarios can be found in Figure 3. As with the
investment capacities, the outlier is reserve scenario A (no
reserve requirements in investment model). This portfolio
consisted of large additional capacities of CCGTs and no
investments in batteries. Once traditional operating reserves
are considered within the investment model (i.e. POR in
reserve scenario B), a large decrease in the system operating
cost occurs - Me36, or 2.2% of total operating costs for the
year. When the most flexible plant portfolio E is introduced
operating cost reductions of Me52 compared to portfolio
A are achieved, or 3.3% of the total operating costs for
the year. Portfolio C results in similar, but slightly lower
operating costs for the year ( Me54 reduction compared to
portfolio A), with its higher capacity of CCGT plant and
lower capacity of batteries compared to portfolio E, with a
trade off between flexible reserve provision and efficiency.

The available wind and solar energy amounts to 22.8
TWh, which is 47.5% of the total system demand. As the
core portfolio already assumes quite a high level of DC
interconnection, curtailment levels never exceed 5%. How-
ever, the relatively inflexible portfolio which results from the
investment model in reserve scenario A (i.e. no reserve re-
quirements) results in significantly higher curtailment levels
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Fig. 4. Wind and solar curtailment level comparison between the five
reserve scenarios

than the other scenarios for both wind and solar generation.
Wind curtailment levels of 4.0% occur (867 GWh), with
solar curtailment at 4.1% (37 GWh). Curtailment levels for
the five reserve scenarios can be seen in Figure 4. The more
flexible portfolios resulting from reserve scenarios B → E
have a large impact on the curtailment levels. For reserve
scenario E (i.e. all three modelled categories of reserve
considered in the investment model), which results in the
most flexible plant portfolio, curtailment levels fall to just
0.9% for wind and 0.2% for solar, which amounts to an
increase of 696 GWh of renewable energy in reserve scenario
E compared to reserve scenario A for the modelled year.
While most of this increase in renewable energy is also
achieved in the less conservative reserve scenarios B →
D, renewable energy provided is 22 - 36 GWh lower than
reserve scenario E.

The differing plant portfolios generated by the investment
model for the five reserve scenarios also have a large impact
on CO2 emissions generated by the electricity sector, as seen
for the five reserve scenarios in Figure 5. Portfolio A (no
reserve requirements in the investment model) generates an
additional 0.35 Mtonnes of CO2 compared to the most flex-
ible portfolio E, which is equivalent to a reduction of 7.0%
of emissions from the electricity sector. Similar reductions
of 6.9% - 7.0% are achieved with the remaining portfolios.
The curtailment reductions, shown in Figure 4, contribute to
the reduced emissions. In addition, as has been demonstrated
in previous work, the introduction of flexible storage allows
for the more efficient operation of the conventional plant,
with reduced cycling required and improved thermal plant
efficiencies (i.e plant can be operated at higher efficiencies,
closer to their rated output [18], [19]). The offline reserve
capability for the 1 hour ramping product of the OCGT plant
can also allow for more efficient provision of reserve. System
efficiencies can also be achieved with the higher ramp rates
and lower minimum generation levels seen for these plant
which aids the integration of large quantities of variable
renewable generation. However, this is traded off against
the lower thermal efficiencies of these plant compared to
CCGT. While it is not possible to isolate the impact of the
introduction of the different plant types indivisually, it is
interesting to compare the utilisation of the CCGT plant for
the different reserve scenarios. The least flexible portfolio
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Fig. 5. Electricity sector CO2 emission comparison between the five
reserve scenarios

A has an average utilisation of just 53% for the CCGT
plant, while for scenarios B and C this rises to 57% and
for scenarios D and E a utilisation of 58% is achieved.

IV. DISCUSSION & CONCLUSIONS

The results presented in this paper highlight the im-
portance of incorporating sufficient levels of operational
detail in investment models, backing up the findings of
previous studies [6], [7]. The results also demonstrate how
the inclusion of new system services for systems with high
shares of variable renewable generation alters the optimum
plant portfolio. The investment model minimises total system
costs, which is representative of decisions in a vertically
integrated monopoly rather than a market environment. How-
ever, efficient markets for new system services should incen-
tivise similar levels of investments. The results highlight the
importance of such markets, sending clear long-term signals
for investors. In the absence of such markets, sub-optimal
portfolios will be achieved, which can lead to increases in
operating costs and CO2 emissions and increased levels of
renewable energy curtailment due to insufficient flexibility
at certain times.

It should be noted that the investment decisions can be
highly sensitive to the assumed capital costs of the modelled
technologies. There remains a great deal of uncertainty
surrounding, in particular, future capital costs for grid-scale
battery systems. The results are also sensitive to the assumed
capabilities of the conventional plant, in terms of minimum
generation levels, ramp rates and reserve capabilities. A more
flexible CCGT plant would result in increased investments
in this technology. Additionally, there is also uncertainty sur-
rounding system requirements for the new products modelled
in this paper, and changes to these assumptions will also
likely impact on the generated portfolios. Future work will
address these uncertainties through sensitivity analysis.

The importance of temporal detail in investment models
was discussed in Section I. The representative weeks, based
on random sampling, used in this paper may not capture
more extreme events. Representativeness may be improved
through the introduction of an optimisation-based approach
for the selection of the representative periods [20], which
will also be addressed in future work.

ACKNOWLEDGMENT

Ciara O’Dwyer has received funding from the European
Union Horizon 2020 research and innovation programme
under grant agreement No 773505.

REFERENCES

[1] IRENA, “Innovation landscape brief: innovative ancillary services,”
International Renewable Energy Agency, Abu Dhabi, Tech. Rep.,
2019.

[2] EirGrid Group, “The DS3 Programme: Deliver-
ing a Secure, Sustainable Electricity System,” Tech.
Rep. [Online]. Available: http://www.eirgridgroup.com/site-
files/library/EirGrid/DS3-Programme-Brochure.pdf

[3] R. Loulou, U. Remne, A. Kanudia, A. Lehtila, and G. Goldstein,
“Documentation for the TIMES Model,” Tech. Rep., 2005. [Online].
Available: http://iea-etsap.org/docs/TIMESDoc-Intro.pdf

[4] M. Howells, H. Rogner, N. Strachan, C. Heaps, H. Huntington,
S. Kypreos, A. Hughes, S. Silveira, J. Decarolis, M. Bazillian,
and A. Roehrl, “OSeMOSYS : The Open Source Energy Modeling
System: an introduction to its ethos, structure and development,”
Energy Policy, vol. 39, no. 10, pp. 5850–5870, 2011. [Online].
Available: http://dx.doi.org/10.1016/j.enpol.2011.06.033
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