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and 2040. If new nuclear production capacity is added in a particular year, this nuclear 
capacity wil1 also be availoble in the following years. 

Table 2.2: Maximum power output nuclear plants (GW) 

Nucleor power plant Borssele 

New built large scole power I: 

Smoll modulor reactors (SMR 

Advonced nuclear power plant (ger 

Total 

There are several SMRs in development, such as VOYGR, BWRX-300, UK SMR, SMART, SMR- 
160 (Breijder, 2023). For the OPERA calculations a generic SMR was assumed, based on 
charocteristics os shown in Table 2.3 (Iovonovici, 2024). The investment costs ond 
operational costs are equal to those of a large-scole nuclear power plant, whereby the 
investment costs are assumed to decrease over time. A technica1 lifespan of 60 yeors is 
assumed. 

The SMR con be operated in full electricity mode (with an efficiency of 33%) or in o mode in 
which, in oddition to electricity, SMRs also supply process heat in the form of steam at o 
temperoture level of approximotely 300 "C. I n  this heot mode, obout half of the heot 
produced by the nuclear reactor is supplied os process heot. When supplying process heot, 
the conversion efficiency for electricity production drops to 18%. The OPERA model 
distinguishes five types of industrial heot demand: below 100 "C (hot water), 100-200 "C 
(steom), 200-400 "C (steom), 200-400 "C (direct heating), obove 400 "C (direct heoting). In  
the model onolysis it was assumed that SMRs are only used to cover industrial heat demand 
of 200-400 "C (steam). However, SMRs can also supply heat at lower temperature levels. This 
has not been investigated further. 

Table 2.3: Characteristics of a generic SMR 

I Investment costs 6104 1 
OPEX fixed 100.4 

OPEX varia-I 

Max. thermol cap..-.., 

Max. electric out ut  D I  
Max. heot o u t ~ u l  

Capacity factor [ 
Minimum lood 

I Technicol lifetime 
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From Figure 3.1, it is observed that the electricity demand varies based on assumptions 
made for the scenarios, variants and what-if cases. TRANSFORM features a relative high level 
of electrification resulting in a high electricity demond. Therefore, in 2050, the potential for 
wind, solar and nuclear is fully utilised. The ADAPT scenario assumes a different transition 
path in which the electricity demand is lower than the TRANSFORM scenario for al1 years, 
whilst the opposite is true for the heat demand. Due to a less far-reaching decarbonisation 
of the energy system in ADAPT, fossil fuels are still used to some extent. I n  ADAPT, carbon 
capture and storage (CCS) is used on existing processes, which means that the greenhouse 
gas reduction is still met but heat demand for these processes is higher than in TRANSFORM. 
More specificolly, there is higher continuotion of fossil fuel refining activities in ADAPT, which 
feature a substantial industrial heat demand at 200-400 "C, because of the lorger 
continuation of fossil fuel consumption. Another process that hos significant impact on the 
industrial heat demand in the 200-400 "C segment is the production of aromatics via 
biomoss. For this process the octivity is lorger in TRANSFORM than in ADAPT, where 
aromotics in the lotter scenario are produced only partly on basis of biomass, but in general 
features lower heat demand than refineries, such that the total heat demand in TRANSFORM 
is lower thon in ADAPT. The exact industriol heot demand for these two processes are given 
in Appendix 2, as these two processes constitute most of the industriol heat demond of the 
200-400 "C heat segment under consideration. 

Regording the industry voriants, the Competitive & Import variant feotures lower electricity 
demand (e.a. 1464 PJ vs. 1779 PJ in 2050) and a sliahtlv hiaher heat demand i64 PJ vs. 57 

- - <  

PJ in 2050) íhan to TRANSFORM. Because of the import of semi-finished produ;ts there is 
more biomass available to produce biofuels and feedstock for the production of synthetic 
fuels and chemicols leoding to higher heot consumption. More pohiculor, there is-more 
refining activity and less aromatics production observed. Hence, the heat demand level 
changes. I n  Zeeland heat demand from the refining sector remains at 12.4 PJ in 2050 as 
opposed to 0.2 PJ in TRANSFORM. On the other hond, aromatics production only feotures 3.7 
PJ heot demand as opposed to 8 PJ. Impact on South Holland is more limited, with 16.2 PJ 
and 11.3 PJ as opposed to 17 PJ and 16.6 PJ for refineries and aromotics production, 
respectively. 

The Less Competitive variant feotures lower electricity demand (e.g. 1279 PJ vs. 1779 PJ in 
2050) as wel1 as lower heat demand (30.6 PJ vs. S7 PJ in 2050) with respect to TRANSFORM, 
which is the result af less energy intensive industrial activity. More precisely, refineries largely 
scale down featured by 8.6 PJ heat demand in 2050 in South Holland and nothing in 
Zeeland 

The Less Competitive & Import variant features lower electricity demand (e.g. 1400 PJ vs. 
1779 PJ in 2050) ond lower heot demand (38.6 PJ vs. 57 PJ in 2050) with remect to 
TRANSFORM, which is the result of less energy intensive economic activity. ~Awever, since 
primarv products are imported, significant enerqy demand from the chemica1 sector 
kemait%,'such that energy can;~6~t ion levels a-r; higher than the Less Competitive 
scenario. 

I n  TRANSFORM. electricitv ~roduction from wind. solar and nucleor is de~loved to the 
maximum poténtials. ~is'constrains the electri;ity supply. In  the what:if ;nalysis with a 
doublinq of the SMR capacity, this constrain is alleviated, with an increase of electricity 
demand. as a result of a ne& a ~ t i m u m  between electricitv demand and s u ~ ~ l v .  ~ e a <  
demand'remains virtually the ;ome. It is counterintuitivethot limiting w i n d k d  solor 
potential increase the overall consumption of electricity, especially when comparinq the two 
hhat-if scenario's amongst each othe;. However, the dynaiics béhind this re& w111 be 
found when analysing the role of 5MRs in the energy system in Section 3.3. 

> TNO Publiek 



 



 

 



 



 



 



) TNO Publiek) TNO 2024 P11768 

Competitive & Less Less T 
Import Competitive Competitive & 

Import 

,NSFORM Competitke & Less Less TRANSFORM 
Import Competitive Competitive & 

Import 

Heat 

Figure 3.4: Electricity and heat supply from SMRs for the years 2040, 2045 and 2050 for the industry variants 
and TRANSFORM. Above the bars the share is given of SMR electricity and heat supply in total national power 
and industrial heat (200-400 "C steam) production. 

The Competitive & Import variant has effect on industrial activity in South Holland and 
Zeeland as well. There is more refining activity observed and less aromatics production. This 
results in a change in the industrial heat demand profile. I n  Zeeland heat demand from the 
refining sector increases from 12.4 PJ in 2050 opposed to 0.2 PJ in TRANSFORM while 
demand from aromatics production decreases to 3.7 PJ instead of 8 PJ. The higher overall 
industrial heat demand causes more SMRs to be assigned to Zeeland, two in total in 2050 
instead of one in TRANSFORM. Reversely, industrial heat demand in South Holland is slightly 
lower which result to one less SMR assigned to South Holland, adding up to four in 2050. 
Also, the introduction of aromatics production in North Netherlands together with heat 
demand of food and beverage activities cause one SMR to be installed in 2050 in this 
scenario. As a result, the lower amount of total SMRs in this variant are able to supply 
slightly more industrial heat in 2050 in Competitive & Import and is closely linked with heat 
demand from refining activity and the production of aromatics via biomass. 

The correlation with heat demand also explains the later introduction of SMRs, which can be 
observed best by the lower heat supply levels in 2045, both absolutely and relative to the 
entire system. I n  Competitive & Import, the industrial heat demand from refining activities 
remains higher than in TRANSFORM. For the heat supply these activities rely on waste gas 
boilers until2045 in this variant, while there is a transition towards steam supply from 
nuclear only in 2050. At that time however, there is relatively low industrial heat demand 
from refineries left. At the Same time, industrial heat demand from aromatics production via 
biomass is less than in TRANSFORM, especially in 2040 and 2045, resulting in lower industrial 
heat supply from SMRs until2050. 

The Less Competitive variant features lower electricity demand and lower industrial heat 
demand than TRANSFORM, accompanied with lower deployment of SMRs. Naturally 
therefore lower electricity and industrial heat supply is observed. While the contribution to 
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electricity production remains very limited, the contribution to serve industrial heat demand 
is still significant, with 21.2 PJ or 69.4% in 2050. 

I n  more detail, refineries largely scale down in this variant and also industrial heat demand 
from aromatics production via biomass is lower than in TRANSFORM. As a result, industrial 
heat demand in South Holland ond Zeeland drop drasticolly compared to TRANSFORM. Two 
SMRs are sufficient to cover most industrial heot demond in South Holland, supplying 12.8 PJ 
of 16 PJ heat demand. The aromatics production via biomass that takes place in Limburg, 
couse one SMR to supply the majority of industriol heat, 7.1 PJ with 7.6 PJ demand, 
consistent with TRANSFORM ond Competitive & Import. 

The Lesstompetitive & Import voriantfeatures lower electricity demand and lower heat 
demand with respect to TRANSFORM. Two SMRs are expected, which are locoted in Limburg. 
This con be linked with the oromatics production toking ploce in Limburg. More specifically, 
from 2045 onwards biomass aromatics production begins to take place in Limburg with 8.1 
PJ heat demand initiolly and 10.1 PJ in 2050. This drives the SMR heot supply in this voriant, 
producing 9.3 PJ of heat for both yeors (in 2045 there is additionol heot demond from other 
industries os well, to complete the heot bolonce). This is somewhot higher thon in Less 
Competitive. 

The limited refinery sector, feotured 10.1 PJ ond 6.4 PJ of heot demand in 2050 for South 
Holland and Zeeland, respectively, is fully supplied by waste gas boilers until2050, which 
remain competitive and abundant in this variant. Hence there is no heot supply from SMRs 
expected in these regions. In  other words, in the Less Competitive &Import variant SMRs 
can be linked onlv to oromatics ~roduction via biomoss. ond not to refineries, this 
observation can i e  made for ~ o m ~ e t i t i v e  & Import as hell, but not in Less ~ ó m ~ e t i t i v e  and 
TRANSFORM, where both industries acted as a driver for SMR heat supply. 

Increased potential far SMR 
Since in TRANSFORM the installed SMR capacities equal the moximum potential allowed (2 
GW in 20501, the OPERA model has also been run with the option of doubled SMR capacity (4 
GW in 2050). I n  this what-if anolysis, it was observed thot ogain the moximum potential was 
installed, see Table 3.2. In  another what-if analysis, in addition to the doubling of SMR 
ca~acitv. the maximum wind and solar ca~acitv in 2050 was limited to 60 GW finstead of 70 . . 
GW) a d  109 GW (insteod of 132 GW) respectively. This onolysis shows ogain a~moximum 
SMR deployment, but also a chanqe in SMR output. The results for electricity and industrial 
heat prodiction are given in ~ igu rë  3.5. 
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Potential Limited Wiiid & TRANSFORM Potential Limited Wind & TRANSFORM 
l i i c lease Solar t Iiicrease Solar + 

Iiicreasecl SMR Increased SMR 
Potential Potential 

Electricitv Heat 

Figure 3.5: Electricity and heat supply frorn SMRs for the years 2040,2045 and 2050 for the what-if analyses 
and TRANFORM. Above the bars the share is given of SMR electricity and heat supply in total national power 
and industrial heat (200-400 "C stearn) production. 

By increasing the number of SMRs in the what-if analysis Potential Increase, the constraint 
on electricity production in TRANSFORM is somewhat relieved and electricity consumption 
increases slightly. Heat consumption in 2050 is identical to TRANSFORM. This results in the 
deployment of the full potential of SMRs for 2040 and 2050, but not for 2045. Initially, the 
SMRs are appointed to South Holland [5; 6; 61 and Zeeland [ l ;  1; l ] ,  while later a leap in 
deployment in Limburg [O; 1; 181 is observed, complemented with deployment in North 
Netherlands [O; 1; l ] ,  for the years 2040, 2045 and 2050 respectively in brackets. In  other 
words, the cap on SMR potential slightly limited deployment in South Holland and North 
Netherlands. The largest difference is observed in Limburg however, with an increase of 12 
units in 2050. 

In  the supply data, it is observed that electricity from SMRs increases for al1 years, and rises 
from 48.5 PJ (TRANSFORM) to 111 PJ in 2050. This mainly has to do with the additional 
capacity installed in Limburg in 2050 which supply electricity, next to heat for aromatics 
production. The demand and supply of industrial heat is in balance in the local region, 
because long distance heat transport (i.e. outside the region) is not feasible (and not allowed 
in the model). Electricity transport to other regions and even abroad is possible and, 
therefore, electricity is supplied to a larger market. Regarding electricity the model does not 
aim to find the best-fit for the region. Moreover, the increase in national electricity supply 
from SMRs, 62.5 PJ, surpasses the increase in demand of 35 PJ. Therefore, with higher SMR 
potential, supplying electricity to the national and international electricity market is slightly 
more efficient. 

For heat supply, it is observed that the larger SMR capacity causes heat supply to increase in 
2040 and 2045, while being equal in 2050. I n  2040 heat is exactly doubled, in line with the 
doubled potential. I n  2045 industrial heat supply is less than doubled, but nearly all 
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Na newly built nuclear power plants 
It is conceivable that no new nuclear power plants wil1 be built in the Netherlands, neither 
large nuclear power plonts nor SMRs. This has been investigated in a what-if analysis in 
(Scheepers, et al., 2024) by setting the maximum capacity for new large-scale generation I I I+ 
nuclear power plants and SMRs to zero. A future Dutch energy system in which sustainable 
electricity production is almost entirely based on solar and wind is possible for both the ADAPT 
ond TRANSFORM scenarios. I n  both scenorios, the production copocity for wind ond solor 
energy does not change in 2050 because they are already used to the maximum capacity in 
the base case. Without new nuclear power plants, the demand for electricity is lower 
compored to the scenorios with new nucleor energy, becouse the electricity supply is even 
more constrained. Heat demand in industry is covered by electric boilers, waste gas boilers 
and biomass CHP. In  an energy system without new nuclear power plants, the total system 
costs in 2050 are 1% to 2.5% higher, depending on the scenario, than in a system with 
nucleor energy. 

Study lirnitatians 
This study hos some limitotions. Firstly, while o standord generic SMR was defined bosed on 
the best ovailable insights (see Table 2.3), in reolity, there ore multiple (types of) SMRs being 
developed. These SMRs span a large capacity range and are developed with different 
deployment goals in mind. Although costs per unit of power are very likely to increase for 
smoll, or micro-, SMRs, the possible functions of these type of reactors were omitted by the 
cut-off capacity. I n  theory, smaller capacities that the model predicted to be installed in some 
regions could be met with these types of reactors. Moreover, in this study two energy 
categories are regarded - electricity and 200-400 "C steam. I n  practice, SMRs could also be 
used for other cotegories such os lower temperature industriol heat or district heating. Further 
investigation is needed to assess usefulness in those categories, possibly aligned with lower 
capacity SMRs. As a fact, large scale generation I I I+ reactors are thermal energy sources as 
well, but were excluded for heat supply os a whole. Hence, it is suggested to ossess the 
contribution of large scale nuclear powerplants for heat supply as well, albeit that the thermal 
energy source is highly concentrated. 

Alsa, the capital cost per unit af power of the standard SMRs are based on the modelled costs 
of the large scale generation I I I+ reactors due to pragmatic reasons. Due to the lack of 
economic track record caused SMRs having not yet reached the market, there is no empirica1 
data to base our modelling on. In  fact, SMR developers report lower costs than used in the 
modelling, lower than large scale generation I I I+ costs. Since the results show that large 
scale reactors are installed ta the moximol potential, a lower cost for SMRs could have impact 
on the electricity system, for example by crowding out large scale powerplants, or reaching 
higher production andlor penetration levels, olthaugh it is doubtful that the electricity 
demand is a laraer driver than heat demand for ecanomical and efficiencv reosons. It was 
also not investigated in-depth to what extent SMRs can fulfil a flexible fuiction to cope with 
fluctuatinq electricitv demand and supplv from renewable sources, either bv scalinq upldown 
energy ouiput or ch6nging between indistrial heat supply and electricity gineration. Lastly, 
ond connected to al1 of the above, this study's storting point was the possible relevance af 
SMR heat supply for industry. Indeed it was found that the relevance is clear, but this resulted 
in some imposing limitations. I n  this study, SMRs were only allowed to be deployed close to 
industry clusters to supply industrial heat and be connected to the electricity grid. The results 
therefore show concentrations of SMR units in the regions with industry clusters, while it 
would be worthwhile to consider a widespread availability throughout the country - especially 
when the SMRs are used primarily for their electricol supply function. The modelling also did 
not take int0 account additional boundary conditions, such as the availability of suitable 
locations and coolina water. which means that the undesirabilitv of installina dozens af units 
in one region was n i t  considered. Nevertheless, this study has shown light ;n the importance 
of SMRs for industrial heotinq purposes and their role in the electricitv market when capacity 
limits for competing electriciG sohrces come in sight. 
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