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ABBREVIATIONS

CCGT Combined Cycle Gas Turbine
CHP Combined-Heat and Power
DSR Demand Side Response
Non-BM Non-Balancing Mchanism
OCGT Open Cycle Gas Turbine
STOR  Short Term Operating Reserve
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1 INTRODUCTION

Short-Term Operating Reserve, STOR, is one of the Demand Side Response (DSR) programme that are
being run by the National Grid in the UK. The purpose of STOR programme is to reduce the load on the
energy system by means of various subsitution and reduction techniques. In particular, STOR allows its
subscribed providers to generate substituting power. In the STOR programme we study carbon savings
based on data obtained from a UK based response aggregator company. This company provides various
types of intervention (using diesel generators, Combined—Heat and Power (CHP) and demand reduction
(turn—down)) at times of peak demand. Whether such DSR produces carbon savings or not, depends on
the used technologies, as well as the scale of the interventions.

2 SHORT TERM OPERATING RESERVE

The STOR market information and tender round results are available on the National Grid website (Na-
tional Grid, 2014). In this study, we use data from the contracted STOR period within season 6.3-6.6
in order to match the timeline data provided by from a UK-based demand response aggregator. The
total accepted MegaWatts (MWs) within the seasonal spans is available in National Grid (2013a). The
contracted capacity is shown in Table 1.

Season Dates Accepted MWs (Flexible+Committed)
6.3 20/08/12-24/09/12 2821
6.4 24/09/12-29/10/12 2923
6.5 29/10/12-04/02/13 3530
6.6 04/02/13-01/04/13 3573

Table 1: Contracted STOR period with accepted capacity

The STOR data from Table 1 can be used to to estimate the energy generation and carbon emissions
for the STOR programme.

According to National Grid (2013b), there are two main types of STOR providers: Balancing mech-
anism (BM) and Non-Balancing Mechanism (Non-BM). BM providers have large supplies that are con-
nected directly to the GB Transmission System. The non-BM providers are represented by smaller
providers connected to the lower voltage distribution networks. Both categories are often referred to as
’demand side providers’. In this report we estimate the carbon emissions of one Non-BM aggregator.

The aggregator combines smaller loads into STOR units of > 3 MW and presents the aggregated
energy volume to National Grid. Fig. 1 shows the composition of STOR volume (aggregated vs. total
STOR volume).

CHP,
Diesel,
Load Reduction,
Hydro,
Etchs

Figure 1: Composition of STOR volume (aggregated vs. total STOR volume).
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3 CARBON EMISSION AND SAVINGS

We apply the methodology from references DEFRA (2013); Lau et al. (2014a, submitted) to quantify the
amount of carbon emission and the associated savings for DSR programs.
The carbon emissions resulting from energy generated/consumed is formulated as:

Ni

éD:ZE(Z)XGUK(l) (D
t=1

where & denotes carbon emissions (tonnesCO;), E(¢) is the amount of energy generated/consumed
(kWh) and Gyk(t) is the variable electricity grid carbon factor from the UK grid (tonnesCO,/kWh),
N, is the total number of time steps.

The carbon factors for electricity generation and consumption are parameters estimated using the
Life Cycle Assessment (Royal Society of Chemistry, 2010) and measured in units of equivalent carbon
dioxide mass (tonnesCO») per unit of energy (kWh). Calculation of national carbon footprints in the
UK is performed by Ricardo-AEA (2014). For the energy consumptions for the UK energy grid, we
calculate carbon factors that are dynamically derived from the fuel mix from Lau et al. (2014b, submitted)
individually for the date and time of occurence of each event. Monte Carlo simulations are used for
quantifying the uncertainties.

Carbon savings S are determined as the difference between the business-as-usual &3 and those in the
optimised/improved intervention &y carbon emissions:

S=¢ép—¢o 2

We calculate the half-hourly electricity grid variable carbon factor using the available fuel mix data
from Elexon (Balancing Mechanism Reporting Systems, 2014). The transmission and distribution losses
(TD) reported as 7.7 % by Digest of United Kingdom Energy Statistics (DUKES, 2013) are included in
this report for further estimations. Uncertainty estimation is performed for those individual fuels used
in electricity generation in particular power plants, using publicly available national average data. The
resulting plot of the variable carbon factor is shown in Fig. 2, with error bars for standard error of mean
values of the grid carbon factor.

Grid factor (kgCO,/kWh)

02 | | | | | | | | | | |
Jan01 Feb Mar Apr May June Jul Aug Sep Oct Nov Dec
Time (month)

Figure 2: Electricity grid carbon factor (kgCO,/kWh) with uncertainties for 2013.

4 INTERVENTION MECHANISMS

Types of demand responses considered are: 1) turning down on-site appliances; 2) using stand-by/backup
generators; 3) CHP installations. The Generator/CHP demand response type replaces the National Grid
energy volume by on-site generation. Therefore, the site still uses the same amount of energy, but
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reduces the amount taken from the grid. On the other hand, the turndown demand response type means
the national grid energy volume was not replaced, i.e., energy consumption was reduced (the site used
less energy than normal during this period).

4.1 DEMAND TURN DOWN

This intervention implies switch-off appliances, thus there are no additional emissions caused by the
intervention. In order to compute carbon savings, we multiply the electricity grid carbon factor Gy (¢) by
the volume reduction for the entire demand turn-down category. Gy () is being calculated individually
for the date and time of each event.

This demand response results in direct carbon savings due to reduced volume of overall energy
consumption. The formula for the calculation of carbon savings for the ‘“Turndown’ response is

ST = ZET X GUK ) (3)

where S7 is the carbon savings due to the “Turndown’ response, E7(¢) is the amount of energy reduced,
Guk(t) is the variable UK electricity grid carbon factor based on the estimations from Fig. 2, N, is the
total number of time steps of the DSR programme.

42 CHP

CHP systems generate heat and energy simultaneously in a single process DECC (2014). They can
achieve overall efficiency as high as 80 % DECC (2014). The amount of carbon savings against all fuels
for CHP is available in the DUKES documentation DUKES (2012, 2013). Table 2 shows the amount of
carbon savings due to installed good performance of CHP per unit kWh of energy.

Year | CHP operating hours per annual (hrs) | Carbon savings against all fuels (kgCO,/kWh)
(including renewable and non-renewable)
2011 4450 0.339

2012 3807 0.412

Table 2: Carbon factor for modern CHP per unit of energy, kWh. Source: DUKES (2012, 2013)

The carbon savings given in Table 2 are based on estimation of fuel mix and are subject to annual
revision (DUKES, 2012, 2013). For every unit of energy produced by a CHP plant, the carbon emis-
sions (and other associated GHG emissions) are less than half of a conventional coal-fired plant. For
instance, since the carbon factor for coal per kWh of electricity generated is approximated as 0.80-
1.00 kg (DUKES, 2012; Moomaw et al., 2012; Tzimas et al., 2007) the carbon factor for a standard CHP
system can be projected as 0.35-0.45 kgCO,/kWh. Such estimations are similar to the carbon factor
values shown in Table 2. For a detailed methodology in calculating the fuel and carbon emissions for
CHP systems, see the paper by Hedman and Hampson (2011).

Similar to the turndown response, direct carbon savings in the CHP response are achieved as a result
of the reduced volume of overall energy consumption. The formula for the calculation of carbon savings
for CHP response is

Sc = ZEC x Ge(t) 4)

where E¢(t) is the amount of energy generated by CHP, G¢(¢) is the carbon factor for CHP, V, is the total
number of time steps.

Uncertainties are estimated by Monte Carlo simulations with dynamic carbon factors in correspond-
ing time intervals.
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4.3 DIESEL GENERATORS

We estimate the reduction of carbon emissions resulting from the use of generators (diesel-fuel powered)
as compared with a reserve power plant based on the balancing mechanism controlled by National Grid.
The carbon emissions of diesel generators are compared with open cycled gas turbine (OCGT) and
combined cycled gas turbine (CCGT) plant. Similar to Eq. (2), carbon savings based on generators are
determined as the difference between the business-as-usual operation of both CCGT/OCGT providers in
STOR volume and the diesel generation carbon emissions:

S'=&F—é&p 6))

where ' is the carbon savings due to generator response in the case of CCGT/OCGT, &} is the business-
as-usual carbon emissions by CCGT/OCGT, &} is the carbon emissions based on the intervention by
diesel generators, i indexes the OCGT and CCGT plant.

In order to determine the amount of &} and &), it is necessary to study the profiles of plants and
generators throughout the operation of STOR program, taking into account specific time intervals of the
STOR event. The carbon emissions of plants and generators are compared, with operational assumptions
of firing up, efficiency, and corresponding energy generation.

4.3.1 CCGT PLANT-OPERATIONAL PROFILE

A CCGT plant must be warmed up to reach the base load level as necessary to operate in a stable
condition (above 55 % of the load) before it can generate energy (Environmental Agency, 2011). We
assume that the CCGT plant will always operate at part-load level (50 percent to provide the right source
of plant margin in order to maintain the security of energy supply (Flexitricity, 2013). In this case,
multiple part-loaded fleets of a CCGT plant are employed to generate the same amount of energy as
the diesel generator. This is in accordance with the need to provide balancing services of the electricity
supply across the network, in order to mitigate the risks of power station failures, demand rises, and
failure of renewable generation due to seasonal variations (Flexitricity, 2013).

It is stated in the regulation of electricity supply that plant margin of at least 20 % is strictly needed in
mitigating the risk of power failures (National Grid, 2011). More details on plant margins are available
in Flexitricity (2013); National Grid (2011).

As the CCGT plant is assumed to operate at 50 % part loaded, there will be a short term increase in
fuel consumption (15-20 %) during the operations and also the increase in fuel consumption at different
part-loading points, thus increasing the carbon emissions. Table 3 shows the percentage increase of fuel
consumption for CCGT plants at different part-loads.

Part load point (%) | Percentage increase in fuel consumption ( %)
25 79
50 20
75 10

Table 3: Percentage increase of fuel consumption at various loads for CCGT plants. Adapted from Flexitricity
(2013)

Due to the inflexibility of instantaneous energy generation in responding to unpredictable energy
demand, CCGT plants are therefore advised to operate at part-load level. Before generating energy,
CCGT plants need to be in standby mode ("hot-standby mode’ in this case) awaiting the despatching
instruction by National Grid. It is normal that CCGT plants undergo a complete warm-up process but
may not actually be needed (Flexitricity, 2013).

Warm-up. A conventional CCGT plant burns additional fuel for few hours throughout the warm-
up period before it is capable of generating electricity. The long period of warming up is mainly due
to the requirement for sequential loading of gas and steam turbine for hours before achieving the base
load level (see Environmental Agency (2011) for a detailed explanation of warming up principles for

4
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conventional CCGT plants). For part-load operation we assume the warm-up duration of a CCGT plant
is approximately 35 minutes (excluding the standby period when awaiting despatch instructions from
National Grid). Due to the requirement of sequentially warming up a CCGT plant at different part
loading points, such plants will introduce additional fuel consumptions as shown in Table 3.

Operation. The CCGT plant will generate the required level of energy as soon as all warming up
sequences have been completed. Due to the requirement of at least 20 % plant margin, the CCGT plant is
assumed to operate at 50 % capacity (multiple part-loaded CCGT fleets will generate the required level
of energy) throughout the STOR event for the purpose of this study. This results an in additional 15-20 %
increase of fuel consumption and carbon emissions as shown in Table 3.

Shutdown. The shutdown time for a CCGT plant is the interval from the initiation of shutdown
starting at base load (approximately 50 %) to the ’flame-off” signal of the gas turbine (Baling, 2011).
CCGT plants burn negligible emissions at standstill following the complete shutdown sequence (Baling,
2011). On the other hand, CCGT plants can ’park’ at certain part-load levels instead of a complete shut-
down (with additional emissions as a result). However, before the flame-off and the complete shutdown
of a CCGT plant, the gas turbine rapidly de-loads. During the de-load sequence, the combustion sys-
tem reverts to start-up mode with an associated short-term increase of carbon emissions (Environmental
Agency, 2011). We assume there is a short-term increase of carbon emissions about 8—10 % before the
CCGT plant shuts completely after the flame-off phase.

4.3.2 OCGT-OPERATIONAL PROFILE

In order to deal with the increased uncertainty of the energy system (for instance, wind generation inter-
mittency and consumer demand) within short time intervals, National Grid allocates a large number of
peaking power plants, especially OCGT plants in providing the standing reserve energy supply (Manch-
ester Centre For Electrical Energy, 2004; National Grid, 2013b). OCGT plants are very flexible in
providing standing reserve and often referred to as ‘peaking plants’ due to the higher efficiencies when
operating at different part-loads and shorter duration of start-up time (Manchester Centre For Electrical
Energy, 2004; Wirtsild, 2012).

Warm-up. We assume that the OCGT plant will always operate at above 50 % load in order to avoid
the increase of emissions concentration (Macak, 2001) and also to operate in a stable condition before it
can generate energy. There will be a short—term increase in fuel consumption at different part—loading
points during the start—up sequence, thus increasing the carbon emissions. Table 4 shows the percentage
increase of carbon emissions for OCGT plants at different part-loads.

Part-load point (%) | Percentage increase in CO, emissions ( %)
Idle 100.00
20 35.22
40 17.88
60 7.32
80 5.14
Base—load 6.70

Table 4: Percentage increase of CO, emissions at various part-loads for OCGT plants. Adapted from Macak
(2001)

The OCGT profile is obtained from Macak (2001). Initially, the emissions corresponding to different
part-loads are specified as carbon monoxide (CO) equivalent. To convert from CO to CO; we consider the
ratio of their atomic weights. The atomic weights of carbon, CO and CO, are 12, 28 and 44 atomic mass
units respectively. Therefore 1 tonne of carbon equates to 1x44/12~3.67 tonnes CO,. The ordinary CO
emissions at different part-loads analysed by Macak (2001) is further adapted in this study by converting
CO into CO;, equivalent emissions in terms of percentage scale at different part-loads.

One can see that carbon emissions performance improves as load increases (Table 4). In our approach
we follow the method of Macak (2001) by considering a nominal 80 MW OCGT unit with dry and low
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NOx combustors (several units are combined together to provide a required level of STOR capacity in
this study). The configuration of OCGT adapted from Macak (2001) is compatible to most of OCGT
plants installed in the UK.

An OCGT plant has a relatively fast start-up time and has the ability to reach full load in 10 or 30
minutes (Macak, 2001; Petzer and Burger, 2007; Riihimaki, 2012). We assume that the duration from
start-up to full load for an OCGT plant is approximately 20 minutes.

Operation. The OCGT plant will generate the required level of energy as soon as the start-up
sequence is complete. For the purposes of this study the OCGT plant is assumed to operate at base-load
capacity throughout the DSR operations. This assumption introduces an additional 6.7 % increase of fuel
consumption and the resultant carbon emissions as shown in Table 4.

Shutdown. The shutdown sequence of an OCGT plant can be achieved within 10 minutes (Macak,
2001). This sequence enables almost instant shutdown of OCGT plants. According to Macak (2001), the
emissions during the shutdown sequences are not taken into account and the assessment of air quality is
performed from the start-up sequence to base-load operations only. In this study, the amount of carbon
emissions for the entire shutdown sequence of an OCGT plant is calculated. We assume there is a short-
term increase in carbon emissions before the OCGT plant shuts completely. This assumption is based on
different load operating conditions.

4.3.3 DIESEL GENERATOR-OPERATIONAL PROFILE

Most diesel generators burn no fuel when waiting for peak demand or system failure (Flexitricity, 2013).
Diesel generators have the ability to warm up and shut down very rapidly within 1-2 minutes (Indepen-
dent Project Analysis Consulting, Econnect Ltd and Martin Energy, 2006). Due to the rapid response of
diesel generators, they are very important in providing flexible reserve and contingency services. This
is because most of the power plants, especially wind and solar, are unable to respond to sudden demand
peaks, and hence are allowed to operate at part-load level only. However, most of diesel generators are
small, have low efficiency (35 %) and use heavily emitting fuel. These factors mean that multiple diesel
generators are required to generate the same amount of energy as one large-scale plant. Therefore, it is
necessary to quantify the carbon footprint of the generators running on fossil fuels.

4.3.4 UNCERTAINTY ESTIMATION

According to JCGM_100:2008 (2008) (the ‘Guide to the expression of uncertainty in measurement
(GUM)’ methodology), when the standard uncertainty (denoted as o with a corresponding index) of
the measurement is obtained from the values of other quantities, they are combined into a standard un-
certainty o, as the square root of the sum of variances corresponding to different measurements. Thus,
the combined standard uncertainty o, in the case of generator response is obtained as

3
0. =4/}, 0} (6)
i=1

where o; is the standard error of carbon emissions of the OCGT, CCGT and diesel generators of a
particular event (warm up, STOR operation, and shutdown). The combined estimate of the total carbon
savings x. is the sum of the carbon savings for the entire STOR event. We calculate x. - 6, and summarise
the findings in the results section.

S TRANSMISSION AND DISTRIBUTION LOSSES

Since CHP and diesel generator are employed to provide energy for STOR program, direct emissions
are produced. As such interventions do not suffer from the TD losses, such interventions may improve
the overall carbon emission levels. However, because in some cases the emissions from the intervention
programs exceed emissions from the default grid energy consumption, obtained carbon savings values
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may be negative, which indicates that actual savings are not achieved; such intervention may introduce
additional emissions.

6 STOR PROGRAM MODELLING METHODOLOGY

Based on Fig. 1, the three types of interventions (turn down, CHP and diesel generation) are the Non-
BM contributors in the STOR programme. For turndown and CHP response, the carbon savings can be
directly determined based on Eqs. (3) and (4) .

For generator response, we assume if there were no existing STOR programme, National Grid would
call conventional plants (OCGT and CCGT plants) to contribute the total capacity of STOR. The demand
response aggregator used in this report substitutes a proportional part of this capacity by generating
402.03 MWh (diesel fueled) within season 6.3-6.6. This allows the estimation of carbon emissions
and savings from the replacement of conventional plants that do not operate by diesel generators of the
aggregator in the same scale of generation.

The ratio of the aggregator’s diesel generation capacity to the full STOR capacity of CCGT/OCGT
is:

I D,
k'~ G, (N
where k' is the aggregated CCGT/OCGT STOR volume as in the same scale generation with the aggre-
gator D, is the aggregated volume of diesel generator by the aggregator, G; is the overall STOR volume
contracted to OCGT and CCGT.

Through Eq. (7), we compare the emissions resulting from the CCGT/OCGT plant é"g and diesel
generators 5.

X ~ &) (8)

where subscript k indicates the nominal amount of generation, X’ is the rescaled energy generation
from Eq. (7), i indexes the OCGT and CCGT plant.

From Eq. (5), as &} is the business-as-usual carbon emissions by OCGT and CCGT plant, the aug-
mented carbon savings resulting from diesel generation becomes

Sk — gif _ g ©))

where éag‘/ indicates the business-as-usual carbon emissions by CCGT/OCGT plant, é”Dk is the carbon
emissions resulting from diesel generators, i indexes the OCGT and CCGT plant.

6.1 TECHNOLOGICAL PARAMETERS

Table 5 shows the characteristics of CCGT/OCGT plant and diesel generators participating in the STOR
programme that are the prerequisite to modelling energy generation and the resulting carbon emissions
in our model.

We calculate emissions for typical CCGT and OCGT plants and then emissions of diesel generators
providing equivalent energy generation.

7 RESULTS

For the case of generator response, we model the period of STOR operation as 49.8 hours long. CCGT,
OCGT and diesel generators will fire up a total of 56 times over the period (data from aggregator).
We apply the method of least squares fitting based on the input data given in Tables 1 and 3 to 5 and
then apply the dynamically derived parameters to determine the non-linear relationship between the load
factor and carbon emissions level during the warm-up and shutdown sequences of the OCGT plant. Three
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Criteria CCGT OCGT Diesel generator
Warm—up duration 35 minutes (part load) | 20 minutes (full load) 1 minute
Shutdown duration < one hour 10 minutes nil
Standby duration 1-2 hours nil nil
Additional warm—up emissions Yes, at different part loads nil
Additional operation emissions 15-20 % 6.70 % operating nil
at part-load at nominal load

Additonal shut down emissions Yes, at different part loads nil
TD losses 7.7 % nil

Efficiency 52-60 % 35-42 % 35%

(Lower heating value)
Carbon intensity 0.365-0.400 0.460-0.480 0.710
(kgCO,/kWh) (at 35 % efficiency)

Table 5: Characteristics of CCGT, OCGT and diesel generators

types of data (load factor, carbon emission level, and the resultant carbon emissions) are obtained in each
warm-up and shutdown profile for the CCGT/OCGT plant.

Fig. 3 shows the plot of carbon emissions for an OCGT plant (including warm-up and shutdown). We
model STOR operation over two hours in order to illustrate the clear trend of the OCGT profile per STOR
event. The warm-up sequence is complete approximately in 20 minutes. After warm-up sequence the
OCGT plant is assumed ready to generate energy until the end of STOR operation. The slight increase
in carbon emissions during the STOR operation (from 20" minute until 2.3 hours) is due to the nominal-
load operation and TD losses. During the entire shutdown period, we assume that the OCGT plant will
shut down within 10 minutes (note the sharp drop of carbon emissions at 2.3 hours).

04— —

03— -

02— _

CO2 emissions (tnnnesCOZISTOR period)

0.1 _

| | | | |
0.5 1 1.5 2 2.5
Time (hours)

Figure 3: Carbon emissions of OCGT plant in a STOR period.

Fig. 4 shows the equivalent plot of carbon emissions for a CCGT plant with the same STOR operat-
ing period as the OCGT plant. The warm-up duration is approximately 35 minutes. During the STOR
operation, there is an increase of fuel emissions due to part-load operation (an additional 15-20 % emis-
sion increase) and TD losses. During the entire shutdown period, the CCGT plant instantly de—loads
from the base load (note the sharp drop of carbon emissions at 2.5 hours). The shutdown initiation starts
as soon as the load is smaller than the base-load, until the flame-off signal. We assume that the CCGT
plant will shut down completely instead of ‘parking’ at a certain load, and the plant would emit negligible
emissions after the flame-off phase.

The detailed warm-up and shut down carbon emission profiles for OCGT and CCGT plants with
respect to the distributions of different load factors and percentage increase of the carbon emissions are
shown in Appendices A and B.

Due to the straightforward nature of the operation of diesel generators, the carbon emissions can
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be directly determined from the diesel generation data provided by the aggregator. Since carbon emis-
sions for diesel generators éal’; are defined as the product of the carbon factor and the energy generated,
é”Dk is compared with the same scale generation by both OCGT and CCGT plants (denoted by éd(’f;kl)
using Eq. (8). The carbon savings are later computed using Eq. (9).

0.25

0.2

0.15

0.1

0.05

CO, emissions(tonnesCO, /STOR period)

00 0.5 1 1.5 2 25 3 35
Time(hrs)

Figure 4: Carbon emissions of CCGT plant in a STOR period.

The carbon emissions for the OCGT and CCGT plants in comparison with diesel generators are
shown in Tables 6 and 7 respectively. The total carbon savings in Tables 6 and 7 are obtained by es-
timation of carbon emissions during DSR interventions throughout the warm-up, STOR operation (56
STOR runs with a total of 49.8 hours of operation) and shutdown period of reserve plants. These emis-
sions are compared with emissions of diesel generators. The total amount of saved carbon in the case
of CCGT plants is 3.48+1.17 tonnes. Similarly, 5.43+0.59 tonnes of carbon is saved by substituting
OCGT plant generation capacity with diesel generators. The carbon emissions are obtained assuming
that the National Grid would call CCGT/OCGT plants to contribute the total capacity of STOR with the
aggregator substitutes proportional part of total STOR capacity. Due to the specific operational condi-
tions, CCGT/OCGT plant produces a higher amount of carbon emissions than diesel generators in this
case.

The high carbon emissions by diesel generators during the STOR operation period are compensated
for by operational conditions of the CCGT/OCGT plant (initiations of warm-up,stand-by and shutdown).
Hence, diesel generation still produces carbon savings.

Warm up Operation Shut down | Overall CO, savings (tonnesCO,)
CCGT | 13.01+£0.36 | 34.994+1.06 | 9.474+0.26
Diesel | 0.9940.01 53.00£0.23 0
12.02+£0.36 | —18.01£1.08 | 9.47+£0.26 348+1.17

Table 6: Carbon emissions and savings of diesel generators in comparison with an CCGT plant, based on 56
STOR runs with 49.8 hours of operations.

Warm up Operation Shut down | Overall CO, savings (tonnesCO»)
OCGT | 11.744+0.12 | 44.03+£0.53 | 3.65+£0.04
Diesel | 0.99+£0.01 | 53.004+0.23 0
10.75+0.12 | —8.97+0.58 | 3.65+0.04 5.43+£0.59

Table 7: Carbon emissions and savings of diesel generators in comparison with an OCGT plant, based on 56
STOR runs with 49.8 hours of operations.

For the case of turndown and CHP response, carbon savings can be determined directly through Eqgs. (3)
and (4) respectively. Table 8 shows the amount of carbon savings for turndown, CHP and generator re-
sponse.
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Demand response Electricity Event Event Carbon savings
types provided (MWh) | duration (hrs)* | frequency* (tonnesCOy)
Turn down 61.09 47.38 40 12.66+£2.29
CHP 11.50 5.08 4 5.38+0.27
Diesel 402.03 49.80 56 3.48+1.17*
5.4340.59***
Overall CO; savings 26.95+2.65

Table 8: Carbon savings under turndown, CHP and generator (diesel) response. *~the duration is determined based
on parallel despatching of STOR event instructions; **~based on the comparison with CCGT plant; ***~based on
the comparison with OCGT plant.

8 CONCLUSION

We report carbon emissions and savings (tonnesCO;) of the STOR programme based on data from a UK
demand response aggregator company that utilises diesel generators, CHP and turn down methods.

As turndown response reduces actual energy use, direct carbon savings (12.66+2.29 tonnesCO,) can
be determined. On the other hand, due to the significantly lower value of carbon factor in CHP compared
to generator, and to the slightly lower value compared to the grid carbon factor in CHP scenario carbon
savings are achieved (5.38+0.27 tonnesCO»).

CHP installations, with constantly improving technologies and increasing efficiency, have very good
potential of increasing carbon savings and may become mainstream technology in the UK energy mar-
ket. If well-optimised, several types of interventions combined together may lead to both energy usage
optimisation and carbon savings, and this is where technology and control programs may provide the
best results for industry and customers.

In this study we focus on estimation of carbon savings of diesel generator compared with CCGT/OCGT
plants participating in the STOR event considering 49.8 hours of operation and 56 STOR runs. The anal-
ysis is based on the comparison between the full allocated STOR capacity for both CCGT/OCGT plant
(business-as-usual) and substituted STOR volume by aggregators using diesel generators. We estimate
a total amount of 5.431+0.59 and 3.48+1.17 tonnesCO; saved for the STOR event by substituting diesel
generators proportionate to OCGT and CCGT plants respectively. Through the intervention by diesel
generators, the high amount of emissions are compensated by operating conditions of CCGT/OCGT
plants.

It can be argued that for high demand periods it is better to use greener yet stable fuel plants to balance
the remaining amount of energy, and one of the known solutions is hydro-generation. However, some
greener fuel plants (e.g. nuclear and CCGT plants) have limited flexibility in responding to sudden peak
demands and subsequently may only operate at base load (Flexitricity, 2013). Therefore, the *peaking’
plant such as OCGT plants may provide reserve to compensate for the peak demand problems but may
result in a high emissions, and here self-generation with diesel installations provides not only security of
supply but also a reduction in carbon emissions.

Although diesel fuel is amongst the most polluting, the diesel generators in this particular DSR
programme produce a substantial amount of carbon savings. However, such carbon savings may not
be achieved if the capacity of diesel generators is beyond the threshold limit of the reserved capacity.
Hence, diesel generators are efficient for both energy generation and carbon savings only during re-
serve/contingency periods (short runs) and are not advisable to operate continuously as compared with
CCGT plants. In the normal mode of operation (where there is a steady demand), normal gas-fired plants
(e.g. CCGT) are most efficient and least polluting.

At the moment, generators are the easiest DSR solution that helps provide the necessary return on
investment. However, as the technology and knowledge for providing DSR improves through greater us-
age (for instance, optimised operating conditions of CCGT/OCGT plants, CHP installations and greater
usage of turn down), the cost of investment will decrease. Further DSR innovations that enable more
sustainable interventions are an important area of future research.
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All estimations are given with the standard uncertainty o, due to the variations of resultant carbon
emissions at different load factors, carbon footprints due to fuel mixes of the electricity generation, and
percentage increase of fuel consumption associated with the STOR program.

This study compares only the carbon emissions; no further assessment has been made regarding
respective levels of other GHG polluting compounds and gases. Furthermore, some National Grid in-
stallations prioritize balancing cost and efficiency in supplying electrical energy to customers. Carbon
emissions are considered as secondary priority, especially during the current economic crisis. We suggest
that assessment of carbon emissions and savings should be taken into account in all DSR programmes,
present anf forthcoming.
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A CCGT OPERATIONAL PROFILE

The warm up profile for CCGT plant
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Figure 5: The load factor for CCGT plants for the warm-up period. The warm-up duration is 35 minutes.
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Figure 6: The percentage increase of carbon emissions during the warm-up period. The percentage
increases of carbon emissions are dependent on different levels of load factors.
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Figure 7: Carbon emissions for CCGT plants for the entire warm-up period.
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The shutdown profile for CCGT plant.
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Figure 8: The load factor for CCGT plants for the shutdown period.
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Figure 9: The percentage increase of carbon emissions for the shutdown period.
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Figure 10: Carbon emissions for CCGT plants for the shutdown period. It is assumed that the CCGT
plants will shut down completely instead of ’park’ at certain loads. Hence the plants would emit negligi-

ble emissions after the flame-off phase (at 49th minute).
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B OCGT OPERATIONAL PROFILE

The warm up profile for OCGT plant
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Figure 11: The load factor for OCGT plants for the warm-up period. The warm-up is complete at 20"
minute.
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Figure 12: The percentage increase of carbon emissions during the warm-up period.
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Figure 13: Carbon emissions for the entire warm-up period.
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The shutdown profile for OCGT plant.
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Figure 14: The load factor for OCGT plants for the shutdown period.
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Figure 15: The percentage increase of carbon emissions for the shutdown period. The percentage in-
creases of carbon emissions are dependent on different level of load factors.
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Figure 16: Carbon emissions for the shutdown period.
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