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NOMENCLATURE

A. Main symbols

CIe

Carbon intensity of electricity (kg CO2 / kWhe)

CIH

Carbon intensity of hydrogen (kg CO2 / kg H2)
DSE

Demand-side electrolyser
ELS

Water Electrolysers

FPP

Fossil-fuelled thermal power plant
HHV

Higher heating value (3.54 kWh/Nm3 for hydrogen)
IC

Installed Capacity (MW)
LF

Daily load factor, i.e. ratio of average to peak load across 24h (%)

P

Power (MW)

RE

Renewable power sources

SSE

Supply-side electrolyser
TC

Total daily Carbon emissions (tonnes CO2 / day)
UF
Daily utilization factor, i.e. ratio of average utilization across 24h to installed capacity (%)
WC
Wind Curtailment, i.e. percentage of wind generation discarded (%)
WPP

Wind power plant
YH

Daily hydrogen yield (tonnes / day)

ZPP

Zero-carbon thermal power plant
Φ
Wind power penetration, i.e. ratio of installed capacity to maximum system demand (%)

βE
Installed capacity ratio, i.e. minimum required capacity of electrolyser plant required, expressed as a proportion of wind installed capacity

B.
Subscripts

C

Consumers

E

Electrolysers

e

Electricity

G


Grid

H

Hydrogen

SMD

System maximum demand

T

Total

TH

Thermal power plant

THE

Of thermal power plant but directed to electrolysers

W

Of wind power plant but directed to consumers
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1.
Introduction
The production of significant amounts of “zero-carbon” hydrogen via electrolysis is a key pathway for enabling large capacities of wind power to be integrated within power systems. However the intermittent nature of wind power implies that the electrolyser stock needs to absorb fluctuating inputs resulting in a low annual utilization factor [1]. These are undesirable factors from an economic point of view. Therefore other zero-carbon power sources of higher capacity factors
 will be required in any electrolyser implementation strategy, in order to increase the scale of H2 production and the utilization of electrolysers above the levels derived from renewable hydrogen production.
The deployment of zero-carbon thermal power plant (e.g. CO2-sequestered, nuclear power plant) within the electricity system in conjunction with intermittent renewable sources opens enormous possibilities for large-scale generation of zero-carbon hydrogen. As an example, the capacity of an electrolyser fully dedicated to a nuclear power plant required to deliver a certain volume of H2 would be around one third that of an electrolyser required for a wind power plant, because the ratio of their capacity factors is approximately 1:3 (a capacity factor of 75-85% usually applies for a nuclear power plant). Or conversely an electrolyser of a certain rating dedicated to a nuclear power plant will produce 3 times more hydrogen per annum that of an identical electrolyser coupled to a wind power plant. Furthermore the combination of both supply pathways, i.e. wind power plant and zero-carbon thermal plant would address the problem of wind intermittency, yielding a much greater UFE and very high LFTH without compromising CIe and CIH.

An analysis is presented of an islanded power system containing large deployments of electrolysers, wind, dispatchable “zero-carbon” thermal (ZCPP) and conventional fossil-fuelled thermal power plant. By operating the electrolyser stock as a load management mechanism the transient load profile placed on fossil-fuelled thermal plant can be adjusted (to fill valleys and create plateaus). Three implementation cases for the electrolyser stock are considered, namely supply-side electrolysers (SSEs), demand-side electrolysers (DSEs) or a combination of both (SSEs + DSEs). The main goals are to: (i) maximize the hydrogen yield (YH); (ii) maximize the utilization factor of electrolyser stock (UFE); and (iii) minimize the carbon intensity of electricity (CIe). The presented results are based on demand and upscaled wind generation data obtained from the Eastern Denmark power system.
Several operational strategies are evaluated for the utilization of electrolysers in conjunction with zero-carbon thermal power plant and wind power plant. An assessment is carried out of the potential of a wide deployment of electrolysers in conjunction with zero-carbon power sources for lowering CIe drastically. This has been carried out by increasing the output of zero-carbon power plant directed to cover consumers’ electricity demand and analysing the effect this has on the other parameters. At all times the electrolyser stock is operated in such way that the combined load represented by consumers’ demand and electrolysers never exceeds the system maximum demand (SMD).

2.
Active Load Management with Electrolysers
2.1
Approach

Consider a generic power system that consists of only three types of power plant: (i) equivalent wind power plant (WPP); (ii) equivalent zero-carbon thermal power plant, e.g. CO2-sequestered or nuclear power plant (ZPP); and (iii) fossil-fuelled thermal power plant, namely coal, gas and oil fuelled plant (FPP). In addition, three independent loads are considered: equivalent electricity consumer load (DC), an embedded “demand-side electrolyser stock” (DSE) and a “supply-side electrolyser stock (SSE)”. No other energy storage technologies or load management mechanisms (such as peak demand reduction) are considered. Four different cases for the implementation of ELS are considered, referred to here as:

· Case 1 - electrolysers on the supply side, at or near the primary WPP and ZPP. 
· Case 2 – distributed electrolysers at or near the points of hydrogen demand.
· Case 3 - some combination of Cases 1 and 2. 

Accordingly these three implementation cases have been simulated and several control strategies investigated by using daily time series for the electricity demand and wind generation from the Eastern Denmark power system [4]. Although the Eastern Denmark power system has in practice substantial interconnections with Sweden (1.9 GW) and Germany (0.6 GW) the analysis assumed an islanded power system with no significant interconnections with neighbouring power systems. The fuel mix for the Base Case is also required as input data, as well as ZPP installed capacity and availability. General outputs are hourly average power and daily energy balances, load profiles, hydrogen yields and carbon intensities for electricity and hydrogen (Figure 1).
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Figure 1. Schematic of electrolyser implementation model
The aggregate wind power output profile is taken as a negative demand and subtracted from the total consumers’ daily/weekly demand profile in order to obtain the net thermal load to be met by FPP and ZPP. The adopted load management approach was to increase the daily load factor of the net thermal load profile, LFTH, by “valley filling” and creating a day-time plateau that is much broader than the conventional peak (e.g. a plateau from 09:00 to 18:00). Electrolysers are then operated as additional controllable loads, so that the load placed on fossil-fuelled thermal power plant can be increased or decreased in time phase with the zero-carbon power inputs to the electrical grid (wind and zero-carbon thermal). Other objectives are minimizing wind curtailment and maximizing hydrogen production.
The daily load factor of the aggregate FPP load profile acts as an indicator of the operational energy and carbon performance of fossil-fuelled power plant. It is assumed in this analysis that electrolyser control decisions are made on a real-time instantaneous basis, while in practice they may be made on say a half-hourly basis depending on the operational characteristics of the power system.

Results are presented for 24h periods on a time interval of one hour based on historical data from [4, 5]. At the end of the 24h period, daily load profiles can be plotted for the operation of FPP, ZPP, WPP and electrolysers, and daily energy parameters (such as LFTH, UFTH, UFE, CIe, CIH) obtained by integration of hourly average power values.
The methodology is applicable to any appropriate time-base and for any period provided the required input data are available. Also different electricity generation mixes can be introduced as inputs. A utilization strategy for the electrolysers is then derived with the objectives of maximising the LFTH value and minimizing wind power curtailment.
2.2
Description of Control Strategies devised

In order to evaluate and optimize the operation of ZPP, WPP and FPP in connection with the electrolyser stock four different operational strategies have been evaluated for each one of the implementation cases described above. The basic approach is to fill valleys in the aggregate FPP load profile through time sequential operation of electrolysers (to increase LFTH) and also reduce load during peak periods (increasing LFTH but also minimizing CIe) through operation of ZPP mainly at peak times (see control strategy C below).

In principle some or all ZPP could be used for baseload or peak electricity generation. Identifying the preferred strategy for a particular power system depends on the type of plant available within the ZPP stock, and also requires detailed economic considerations which lie beyond the scope of this investigation. For instance, nuclear power plant are more suitable for steady base-load generation, whereas other ZPP like CCGT plant (Combined Cycle Gas Turbine) with CO2 sequestration are more likely to be operated in a load-following mode to provide either base-load or peak electricity as required. Both options have been considered here in order to fully evaluate the implications of deploying and operate additional ZPP in the power system. In summary the control strategies considered are as follows:

Basecase:  using WPP to meet DC subject to the LFTH target and the remainder is sent to the electrolyser stock. No ZPP are implemented in this case.
A. Using ZPP both for H2 production and for baseload electricity generation. A constant proportion of the ZPP output is directed to the grid to satisfy consumer demand DC while the remainder is sent to the electrolyser stock. Some wind generated electricity is also used to meet DC subject to the LFTH target.

B.  ZPP output is primarily used to cover DC subject to the LFTH target, the remainder being directed to the electrolyser stock. No WPP are implemented in this case. 

C. Using ZPP mainly for peak electricity generation subject to the LFTH target and the remaining is sent to the electrolyser stock. Some wind generated electricity is also used to meet DC, while the remaining is directed to ELS.

Based on available wind and demand profiles, a preferred daily/weekly FPP load profile is derived by subtracting the value of wind power available, PW, and the value of zero-carbon thermal power, PZCPP, from the demand, PC, for each hour to set-up a primary value for the residual demand to be met by FPP, PFPP. Across the time-period considered, this profile is characterised by the thermal load factor LFTH. An improved FPP load profile of greater LFTH can then be targeted by adding the electrolyser load PE (i.e. filling valleys in the net fossil load profile) and also subtracting the zero-carbon thermal load PZPP when appropriate (i.e. peak shaving of the net FPP load profile). At the end of the 24h/168h period, daily/weekly load profiles can be plotted for the operation of FPP, WPP, ZPP and electrolysers, and daily/weekly energy parameters (such as UFFPP, UFZCPP, UFE, CIe, CIH) obtained by integration of hourly average power values.
2.3
Wind scenarios

The analysis carried out here utilises only actual metered wind generation data at one-hour resolution from more than 100 wind farms as declared by Elkraft [4]. The average capacity factor of wind generation for 2003 was 24%.
To account for the variability of wind, three 24h profiles of wind power output for 2003 were selected to define three types of day: a high and steady wind day (January 15th); a variable wind day (September 21st); and a low wind day (January 29th). The capacity factor of wind generation on the steady, variable and low wind days was 80%, 42% and 16% respectively. The installed capacity of wind generation in Eastern Denmark in January 2003 (573 MW) was the datum for the steady and low wind scenarios (φ = 21%), while for the variable wind scenario the installed capacity at the end of 2003 (743MW) was employed (φ = 28%) [4]. 

Estimates of aggregate wind generation profiles for future high φ systems can be made by extrapolating from existing data. Hourly wind generation data from Elkraft was upscaled by factors ranging from 1.4 to 4.7 for the steady and low wind scenarios, and from 1.1 to 3.6 for the variable wind scenario. Across all wind scenarios the same number of individual windfarms, but of increased capacity, was assumed and specific penetration levels of 20%, 30%, 40%, 50%, 70% and 100% were assessed. Therefore this analysis provides a generic study (with all wind power implementations on the supply side), which is based on upscaled wind generation profiles for Eastern Denmark, rather than a specific analysis of a future power system for Eastern Denmark.

2.4
Demand scenarios

The winter demand profiles exhibit a typical North-European daily cycle, with an evening peak between 17:00 and 18:00, higher on weekdays than weekends. During the summer the demand profiles also exhibit a morning peak between 10:00 and 12:00, to the extent that sometimes this exceeds the evening peak value. On winter days PSMD ≥ 2500 MW, while during the summer it is 1400-1800 MW. Daily load factors generally exceed 75% and the value of PSMD in 2003 was 2,665 MW. 

Although in practice it may take several years to achieve the high values of φ considered here, for the sake of simplicity it was assumed that the consumer demand for electricity remained at the 2003 level. The daily system demand profile corresponding to each of the considered days was employed. The electricity consumption, WC, was 47,603 MWh (January 15th, steady wind day); 30,750 MWh (September 21st, variable wind day); and 47,276 MWh (January 29th, low wind day [4].

2.5
Main assumptions

Besides the technical constraints inherent to TPP, a minimum quantity of TPP must be kept operating at all times to maintain dynamic stability of the power system (providing frequency control and reactive power), and this is a constraint on the amount of wind generation that can be accepted. Based on the data available [6, 7] at any time it is assumed wind power will be discarded if the equivalent aggregate wind power output exceeds 30% of the system demand. This parameter is named as low-load limit:

PWG = (PWC + PWE ) ≤ 0.3 PT




(1)
Future fuel mixes may achieve greater values depending on the types of TPP installed. It is also feasible that in a power system with a high penetration of nuclear power, the limit could be lower than 30%. Thus this is a specific parameter for the power system under consideration.

It is assumed that the average electrolyser efficiency is 80% HHV and that the combined load represented by consumer demand and electrolysers never exceeds PSMD. The average daily and weekly capacity factor of ZPP is taken at 90%, allowing for forced and planned outage hours.

It is also assumed that the electrolysers can be switched on/off and turned down at will, that they will respond instantaneously to a step up/down in power input and that the control decisions are made on a real-time basis. However, in practice the transient response characteristics and ability to absorb fluctuating input currents will be less than perfect (e.g. at present, alkaline electrolysers have a minimum operational point of between 10-20% of rated power [8, 9]). Finally, this investigation simply assumes that the demand for hydrogen exceeds that generated in each case studied (i.e. there is no demand-side limit to electrolyser operation).

3.
Results

The results presented here focus on the variable and particularly the low wind day, in order to evaluate to what extent the objectives of increasing YH and UFE can be achieved for ZPP penetrations ≤ 35%. Hourly wind generation data obtained from Elkraft has been up-scaled by factors ranging from 1.1 to 4.7, and in this way penetration levels ranging from 20% to 100% are produced.

The aggregate capacity of the electrolyser stock, ICE, is determined by the day of maximum wind availability (high wind day of CF = 80%), subject to two boundary conditions: (i) the total power system demand (consumers plus ELS) never exceeds SMD, namely 2,665 MW, so that the T&D system does not need to be upgraded; (ii) when a SSE is deployed curtailment of wind generation is completely eliminated. 
Regarding the deployment of ZPP, three penetration levels ranging from 10% to 35% are considered. The upper limit corresponds to minimum summer demand in Eastern Denmark, which is normally considered as a threshold for the deployment of baseload generating capacity in islanded power systems with no significant interconnections. Wind penetration, ΦW, and ZPP penetration, ΦZC, are both referred herein as installed capacity relative to maximum system demand in 2003, namely 2,665 MW. Total installed capacities in the islanded power system considered for incremental capacities of WPP and ZPP are shown in Figure 2. It is considered that 3 MW of installed WPP would displace 1 MW of effective FPP capacity, given that the ratio of their capacity factor is approximately 1:3; and ZPP replaces FPP on a MW by MW basis thus assuming both have the same average capacity factor. Then it is assumed that a 30% plant margin based on the overall effective capacity is always kept over a fixed SMD of 2,665 MW. 
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 Figure 2. Generating capacities for the islanded power system considered.

3.1
Results for Case 1: Supply Side Electrolysers (SSE)

CASE 1 includes an electrolyser stock deployed at or near WPP and ZPP. Some zero-carbon fossil electricity from ZPP and wind-derived electricity is directed to the grid, the remaining being directed to the SSE stock. Electrolysers are powered solely by WPP and ZPP, and so zero-carbon hydrogen is produced.

For the control strategies A and C, both electricity from ZPP and wind-derived electricity are directed to the grid to cover a proportion of consumers’ electrical demand, thus reducing the carbon intensity of electricity delivered to consumers and hence total carbon emissions derived from electricity generation for all wind penetrations with respect to the Base case, where no ZPP are available in the power system to deliver zero-carbon electricity to consumers. The relationship between the carbon intensity of electricity CIe and wind power penetration ΦW for the variable wind day is plotted in Figure 3.
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Figure 3. CASE 1. Average daily carbon intensity of electricity CIe versus wind power penetration for variable wind scenario.
The highest reductions in CIe on the variable wind day are achieved for the strategy C. Hence ZPP are clearly more effective than WPP when the main objective is to minimize CIe. 
The load factor of the fossil thermal load profile is calculated as the maximum value achievable subject to the restriction that only zero-carbon hydrogen is produced for all the operational strategies considered, as expressed in equations (2), (3) and (4):

PWSE + PZPSE ≤ PW + PZPP







(2)

PFPE = 0  









(3)
CIH = 0









(4)
Load Factors obtained when including ZPP constitute significant improvements relative to the Base case, approaching 100% (e.g. a flat fossil thermal load profile) even for the low wind scenario for wind penetrations of 100%. Wind curtailment is completely eliminated for all strategies and wind scenarios. Note this is extremely important especially for high wind penetrations above 30%, where a large part of the resource is wasted when no electrolysers are implemented.
The utilization factor of electrolysers ranges between 31% for the Basecase and 62% for strategy B on the variable wind day, and between 10% (Basecase) and 60% (Strategy B) on the low wind day. For a low LFTH target priority is given to the generation of zero-carbon H2, whereas for high LFTH target at high ΦZC, ΦW an increasing amount of the ZPP output is directed to consumers instead so as to minimize CIe, which causes UFE to decrease.
As expected, when ZPP are deployed in the power system in addition to WPP both YH and UFE increase, also a greater capacity of electrolysers is required. For strategies A and C ICE and thus βE are dictated by the steady wind day (maximum annual wind availability), being between 1.2 – 1.4 times higher than that obtained previously for the Base Case. Interestingly, lower capacities of ELS are required under Strategy B than those of the Base case, at the same time achieving much higher UFE, especially for the low wind scenario. Under this operational strategy the capacity of the electrolyser stock to be installed is dictated by the capacity of ZPP installed since no WPP are deployed.

3.2
Results for Case 2: Demand Side Electrolysers (DSE)

In CASE 2 the electrolyser stock is assumed to be embedded within the electrical grid and located at or near the points of hydrogen demand. Total electrical power directed to the DSE stock must comply with the load limit condition as expressed in equation (1). To avoid the use of any fossil-derived electricity to cover the electrolyser demand, the aggregate fossil thermal load, PFPP, is not allowed to exceed the consumer demand, PC, so that no fossil-derived electricity is used to operate electrolysers (equation 3). Hence only zero-carbon hydrogen is produced (equation 4).
The maximum achievable LFTH is a function of the restrictions imposed by equations (3) and (4), and therefore the same values as in Case 1 are obtained for the low and variable wind days. Values for the carbon intensity of electricity, CIe, and total carbon emissions, TC, are equal to those obtained for Case 1 since these are directly determined by the LFTH target.       

As the electrolyser stock is embedded within the grid, the elimination of wind curtailment cannot be achieved because the low-load limit restriction does not allow all available WPP production to come into the grid. Still, the amount of WPP generation that must be discarded is reduced by 19-35% with respect to the Base Case.

For the low wind scenario, identical hydrogen production rates YH as in Case 1 are obtained because wind availability is low on this day and thus no wind curtailment occurs for ΦW ≤ 100%, although the utilization factor of electrolysers is now higher for strategies A and C. However for the variable wind day YH values are clearly lower than in Case 1 for ΦW > 20% (e.g. reducing from 584 t H2/day to 293 t H2/day for Strategy C at ΦW = 100%, ΦZC = 35%). These are shown in Figure 4. The reduction of YH from Case 1 to Case 2 is related to the amount of wind curtailed WC. In Case 2 there is a limit to the wind generation than can be absorbed by the grid and directed to DSE and the rest has to be curtailed, whereas if a SSE is deployed (Case 1), and the wind power output otherwise curtailed can be used to produce more hydrogen and WC = 0. 
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Figure 4. CASE 2. Daily hydrogen production versus wind power penetration for variable wind day

For Strategies A and C a lower capacity of ELS is required now when the electrolyser stock is deployed on the demand side, and higher UFE are obtained, particularly for Strategy C. The same ICE and βE values are obtained for Strategy B as in Case 1. 

3.3
Results for Case 3: Combined stock of SSE and DSE

A combined stock of SSE and DSE is now deployed in conjunction with WPP and ZPP. WPP and ZPP output are used to cover both consumers’ demand PC and to power the ELS stock. Again no fossil-derived electricity is used to operate electrolysers (equation 3), and so only zero-carbon hydrogen is produced (equation 4). In addition an analysis is carried out for a chosen average carbon intensity of 3 kilograms of CO2 per kilogram of H2 generated; allowing ELS to take some fossil thermal power in order to further increase the scale of hydrogen production. Main results for the variable wind day are summarized in Table 1.

	OPERATIONAL STRATEGY
	BASECASE
	1
	2
	3

	Φw (%)
	20
	50
	100
	20
	50
	100
	-
	-
	-
	20
	50
	100

	Φzc (%)
	-
	-
	-
	10
	25
	35
	10
	25
	35
	10
	25
	35

	LFTH (%)
	90
	94
	96
	86
	91
	93
	91
	100
	100
	94
	100
	100

	CIe 
(kg CO2/kWhe)
	0.68
	0.55
	0.47
	0.63
	0.41
	0.24
	0.68
	0.46
	0.29
	0.62
	0.29
	0.07


	TC
(t CO2 × 103 / d)
	20.9
	16.9
	14.5
	19.4
	12.6
	7.4
	20.9
	14.1
	8.9
	19.1
	11.4
	6.5

	WC (%)
	0
	0
	0
	0
	0
	0
	-
	-
	-
	0
	0
	0

	YH (t H2 / d)
	88
	165
	415
	136
	334
	616
	71
	126
	126
	129
	222
	435

	UFE (%)
	52
	39
	33
	49
	43
	44
	62
	44
	31
	37
	29
	33

	ICE (MW)
	470
	920
	2,240
	575
	1,610
	2,895
	240
	600
	840
	695
	1,580
	2,745

	ICT (MW)
	4,304
	5,338
	7,482
	5,988
	8,137
	3,705
	4,065
	4,305
	4,529
	5,938
	7,987
	5,988

	βE (%)
	11
	21
	30
	27
	36
	6
	15
	20
	15
	27
	34
	27


Table 1. Results for CASE 3. Variable Wind Scenario

Values for the maximum LFTH achievable are equal to those obtained for Cases 1 and 2, as imposed by equations 3 and 4. Values of CIe also remain the same as directly subject to the LFTH targeted. Eradication of wind curtailment is achieved across all wind penetrations and operational strategies for the three wind scenarios analysed.

Interestingly, for all operational strategies the hydrogen production rates, YH, are the same as those obtained in Case 1 and thus higher than those of Case 2. For strategy C the capacity of a combined stock of SSE and DSE required, expressed as the ratio βE, is virtually the same than  the capacity of a SSE stock deployed in Case 1, and higher than the DSE stock installed in Case 2. This is because a SSE stock is deployed in Cases 1 and 3 to absorb the zero-carbon output of WPP, which is otherwise curtailed if only DSE are deployed. The same values of YH and same ELS capacity as in Case 1 are obtained for the operational strategies B and C, and therefore same values of UFE.

For the strategy A at ΦW > 20% a higher capacity of ELS is required if splitting the ELS stock between a SSE stock and a DSE stock, but (for the same LFTH targeted) the same amount of H2 as in Case 1 is produced, thus resulting in lesser UFE of the combined SSE + DSE stock as opposed to deploy simply a SSE stock. 

When daily load profiles for CASE 3 are produced following the three operational strategies devised (Figure 5), the FPP load profiles result the same as those obtained for CASE 1, and then the same values of LFTH, CIe are obtained. But the WPP and ZPP output delivered to the grid varies because now a DSE is deployed and then more zero-carbon electricity needs to be directed to the main grid to supply both consumer’s demand and DSE. Only when the carbon intensity of hydrogen is permitted to exceed zero and operation of ELS is no longer restricted by equations (3) and (4), results for CASE 3 become different to those of CASE 1. Interestingly, the aggregate inputs to the ELS stock (SSE + DSE) are identical to those of CASE 1 and thus same YH are obtained. The only difference is the location of the electrolyser stock. For CASE 3 the total ZPP output directed to ELS is halved between SSE and DSE, i.e. the ratio PZPSE / PZPDE is taken at 1. However this ratio could be changed and adapted to any specific power system, as well as changed from day to day, week to week, and so on according to particular requirements just as specific hydrogen demand requirements, storage availability or delivery availability for the case of hydrogen produced at the supply side through SSE. These are topics related to end-use applications of hydrogen and are beyond the scope of this paper.
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Figure 5. CASE 3.  Variable wind day. Effects on aggregate fossil load, WPP and ZCPP output delivered to grid and input to electrolysers.

a) Base case

b) Strategy A

c) Strategy B

d) Strategy C

4.
Discussion
Different options and operational strategies for the implementation of ELS in connection with WPP and ZPP have been evaluated, and a number of findings can be discussed from the results presented herein.
For all implementation cases unprecedented daily LFTH values above 90% are achievable for ΦW ≥ 50%, Φzc ≥ 25% on both the variable and low wind days for strategies B and C. A virtually flat FPP load profile can be obtained even on low wind days (i.e. LFTH approaching 100%) when ZPP are used for both peak electricity generation and hydrogen production (strategyC). This would allow substantial carbon benefits in the power system, by increasing the penetration of zero-carbon power sources beyond those levels considered feasible today, as well as allowing FPP to operate more steadily across the day, thereby decreasing the carbon intensity of their electricity output. In addition, clean sources of hydrogen and oxygen are created which may be applied to numerous end-use applications.
Given the trade-off existing between the amount of H2 produced, YH, and its carbon intensity, CIH, it is interesting to analyse the relationship between them. This is plotted in Figure 6 for a fixed carbon intensity of electricity CIe = 0.48 kg CO2 / kWhe, variable wind day at ΦW =50%, ΦZPP = 25% and for CIH < 6 kg CO2 / kg H2, which applies for the minimum value of the carbon intensity when hydrogen is produced from conventional hydrocarbon reformation methods.
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Figure 6. Case 3. Variable wind day. ΦW = 50%, ΦZPP = 25%. Sensitivity of CIH with YH 

at CIe = 0.48 kg CO2 / kWhe
From Figure 6, for the operational strategies A and C it is possible to produce over 400 tonnes of zero-carbon H2 per day when using both ZPP and WPP to operate the electrolyser stock, which is almost thrice the amount of zero-carbon H2 produced when only ZPP are deployed in the power system (Strategy B). It is important to bear in mind though that the size of the ELS stock is significantly smaller for the strategy B. 

When allowing CIH > 0, the operational strategy C clearly affords the maximum benefits when compared to strategies A and B. For instance, by permitting CIH = 3 kg CO2 / kg H2 (well below that of hydrogen produced from hydrocarbons), YH increases by 30% from 414 to 538 tons H2 / day. From Figure 6, under the operational strategy A such an increase is only possible by producing hydrogen at CIH = 6 kg CO2 / kg H2, which approaches the carbon intensity of fossil-generated hydrogen.

There is also a strong trade-off between CIe and YH. The carbon intensity of the electricity delivered to consumers can be minimized by decreasing the amount of fossil-derived electricity delivered and increasing the proportion of zero-carbon electricity (both from ZPP and WPP) directed to meet consumers’ demand. However this implies a reduction in the amount of electricity delivered to the electrolyser stock, reducing the hydrogen yield YH. For example, for the operational strategy C, Case 3 on the variable wind day at ΦW=50%, Φzc = 25%, 304 tons of H2 per day can be produced at LFTH = 100% and CIe = 0.37 kg CO2/kWhe. Yet the amount of zero-carbon hydrogen produced can be increased up to 400 tons of H2 per day also at LFTH = 100% but CIe then increases up to 0.48 kg CO2/kWhe.

In general terms, CIe (without accounting for back-up emissions) always reduces with respect to the Basecase when including ZPP, as the load imposed in FPP does so. When the load factor is set up as an input to the model, this will determine the power and energy flows from FPP, ZPP and WPP directed to the grid, and therefore the carbon intensity of the electricity delivered. Thus if only zero-carbon hydrogen is produced, as imposed by the restrictions in equations (2), (3) and (4), the three implementation cases attain identical values of CIe when the same target load factor is sought, independently of where the electrolyser stock is located. 
Case 2 cannot achieve the objective of eradicating wind curtailment. Where wind curtailment is not yet a major issue (φ ≤ 40%) and the main objective is to produce moderate amounts of zero carbon hydrogen for distributed applications at minimal infrastructural cost, Case 2 is a reasonable option relative to Cases 1 and 3 which, for fixed values of LFTH and Φ, offers similar results in terms of CIe, YH, UFE and βE. Because of the requirement to curtail wind generation, Case 2 can only achieve hydrogen yields of similar magnitude to those achieved by Cases 1 and 3 at the expense of allowing CIH to approach that associated with hydrocarbon reformation methods. 

For the operational strategies B and C the optimum installed capacity ratio of ELS is the same for Cases 1 and 3 when the same LFTH is targeted. The only difference is the location of the electrolyser stock. However for the strategy A results are different across the three implementation cases, with the higher βE ratios corresponding to Case 3 and the lower values for Case 2. Note that βE is calculated for each implementation case as the maximum hourly electrical load required on the day of highest wind availability (high wind day). When the electrolyser stock is split between a SSE and a DSE stock (Case 3) this would be the sum of the maximum hourly load required for the SSE stock plus the maximum load required for the DSE stock, thus resulting in βE values higher by 10-15% to those obtained for Case 1, even though same LFTH and same YH are obtained. However, depending on the end-use application to which the H2 and by-product O2 are destined, it might be beneficial to deploy some of the ELS stock as distributed ELS embedded within the grid and located at or near the points of H2/O2 demand, thus decreasing delivery and infrastructure costs. In summary, for high wind penetrations above 40%, both SSE and combined SSE + DSE implementations are reasonable. The final choice between them is likely to be based on economic parameters beyond the scope of this analysis.

5. Conclusions

The main conclusions obtained from the analysis presented in this chapter are:

· The deployment of zero-carbon power plant in addition to wind power plant is beneficial to achieve the objectives aimed. In particular much greater hydrogen yields and electrolyser utilization factors can be obtained especially on days of low wind availability, thus solving the main drawbacks of a pure wind-hydrogen (or more generally renewables-hydrogen) implementation.

· As a consequence of implementing additional ZPP in the system additional carbon benefits can be obtained in terms of reducing the carbon intensity of the electricity delivered to consumers. For example at ΦW = 100%, if an installed capacity of ZPP totalling 35% of SMD is deployed in the system, on a variable wind day (CF = 42%) the carbon intensity of electricity can be reduced to more than half that obtained previously (i.e. for the Base Case) while achieving a virtually flat thermal load profile (i.e. LFTH = 100%). 

· Wind curtailment can be completely eliminated if a SSE stock is implemented. These electrolysers would absorb all the wind power resource that the power system cannot accommodate to produce zero-carbon hydrogen, enabling higher penetrations of wind power far beyond the limits considered feasible today.

· There is a strong trade-off between the carbon intensity of the electricity delivered and the amount of zero-carbon hydrogen produced by the electricity system. The hydrogen yield could be increased beyond the levels presented in the results herein, but at the expense of dedicating less zero-carbon electricity to cover consumers’ electrical demand thus increasing the carbon intensity of electricity. Depending on the energy system under consideration and specifically on the hydrogen and electricity demands to be covered, defined values for CIe and YH can be sought and then the benefits obtained from the production of zero-carbon hydrogen and the optimization of the power system can be fully maximised.

· Large capacities of electrolysers in excess of the wind capacity installed in the system and far above ZPP installed capacity are required in order to attain the aforementioned objectives as well as smoothing the FPP load profile with respect to the values obtained without deploying ZPP in the power system.

· For a power system without a significant wind penetration and leaving aside economic factors, the choice of location of the electrolyser stock is not decisive and same benefits are obtained in terms of LFTH, CIe, YH and UFE. However for wind penetrations above 30% when wind curtailment becomes significant a SSE stock at the main WPP is required to absorb the wind generation that cannot be accommodated within the power system. Furthermore for wind penetrations above 30% and ZPP above 10% it is found that a DSE stock is not required to achieve the objectives followed in this analysis. In fact lower installed capacities are required when the electrolyser stock is deployed entirely on the supply side at or near the main WPP and ZPP. Only when considering infrastructure costs the deployment of some electrolysers embedded within the grid at or near the points of hydrogen demand could be an attractive option. This would be the subject of an economic analysis and therefore it is beyond the scope of the investigation presented here.  

In summary the deployment of zero/low-carbon thermal power plant within the electricity system opens vast possibilities for:

· Large-scale generation of zero-carbon hydrogen for a variety of end-use applications.

· Optimization of the power system, in terms of increasing the penetration of intermittent renewable resources that the system can integrate and allowing a more stable operation of fossil-fuelled power plant with the subsequent carbon benefits associated. 

The synergy between these two carbon-abatement measures can be further exploited when deploying electrolysers in the power system in conjunction with both ZCPP and WPP. Then zero-carbon thermal power plant could be used to complement large-scale wind generation, providing power and hydrogen at the optimum rates required at any time.

Even though economic parameters have not been accounted for in this analysis, the increase in hydrogen production rates and utilization factor of the electrolyser stock obtained when ZCPP are deployed can make the case for a large deployment of electrolysers economically more attractive for electric utilities, with additional benefits in terms of enhanced reliability and environmental performance.
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� Average CF of wind generation in Denmark in 2003 was 24% [2]. Average CF of wind generation in Britain is estimated at about 30% [3]. 
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