L™
Journal of Power Technologies 0% (4) (2025) 287 -- 307 Nd LU L

The potential application of pebble bed nuclear reactors
in combined heat and power / district heating

Mirostaw L. Wyszynski! , Daniel Logue

Department of Mechanical Engineering, The University of Birmingham, Birmingham B15 2TT, United Kingdom
M.LWyszynski@bham.ac.uk

Abstract

The pebble bed reactor design is inherently safe and generally considered meltdown-proof. The reactor also benefits from:
a constant refueling process which limits shutdown periods, a modular design which can adapt to increasing energy loads,
and arelatively simple design which can be easily explained. These are essential features for a newer technology being used
within a combined heat and power (CHP) network. The purpose of this paper is to assess the possibility of utilizing a nuclear
pebble bed reactor for CHP generation, with a focus on the benefit that this could bring to Central and Eastern Furope (CEE).
For a high efficiency CHP scheme, a consistent load of heat must be provided and utilized. Due to the lack of shutdown time,
the PBMR provides this consistent load which would be best used in colder regions of the world, such as CEE. The technology
used for CHP must also be accepted by members of the public. This is a major hurdle to cross for a nuclear CHP scheme, as
nuclear power is perceived somewhat negatively within certain regions of the world.

For this report, a survey has been conducted, assessing public perceptions of nuclear power and how these can be altered.
The results show that, with the provision of a short paragraph of information describing the safety features of the pebble
bed reactor, respondents became increasingly positive about a nuclear pebble bed reactor CHP scheme. This goes some way
to prove that, given time and provision of information, a pebble bed reactor for CHP network could be accepted among
communities of people.

The idea of using a nuclear pebble bed reactor for CHP is not a new one. A review of the ACACIA design for cogeneration has
been conducted. It was calculated that the designed, small reactor has the potential to provide electricity for 21,973 and heat
for 13,706 UK homes within a year. The design also considers and eradicates the risk of potential hazards such as steam/air
ingress and radioactive egress from the reactor core. Overall, the nuclear pebble bed reactor has been found to be suited to
use for CHP generation.

Keywords: Pebble bed nuclear reactor, combined heat and power, district heating, Central and Eastern Europe

Introduction have been drawn up to bring about lower CO2
emissions within their member nations. Taking
Background the EU as an example, the most relevant and

recent protocol was agreed upon in 2009,
Within - modern society, it is becoming entitled ‘The EU climate and energy package.
increasingly ~ important ~ for  businesses, Thjsimplemented the 20-20-20 targets of a 20%
communities, and nations to greatly reduce reduction of greenhouse gas (GHG) emissions
their carbon emissions and general use of fossil compared to the 1990 levels, a 20% share of
fuels. International organizations such as the i .newables in EU energy consumption, and an

UN, EU, and G8 regularly discuss strategies to epergy improvement of 20% to be achieved by
combat climate change, and many protocols theyear 2020[1].
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This study considers a new method of
successfully achieving the ever-changing
energy targets, by assessing the potential
application of utilizing the nuclear pebble bed
modular reactor (PBMR) for combined heat and
power (CHP) generation, with focus on
implementation in Central and Eastern Europe
(CEE.)

Introduction to nuclear pebble bed
reactors

The first PBMR began operation near Aachen,
Germany in 1966 and ran successfully for 21
years. However, upon decommissioning, it
became apparent that, due to grinding damage
on the pebbles, the reactor was contaminated
with large amounts of radioactive dust [2,3]
Since this date, there have been very few
examples of using the PBMR for research and
currently there aren’t any in operation for
commercial use.

Recently, there has been an increasing

interest in the technology. The Chinese have
been the leading developers, stating that they
hope to drive the technology onto the world
markets and hope for their first commercial
scale PBMR’s to go live in November 2017 [4].
Reports also suggest that the PBMR technology
could be seen in the UK by 2030 and that there is
aprivate team in South Africa currently working
on their own, new, PBMR design [5-7].
The PBMR’s design is suggested to make it
‘immune to the melting of wuranium and
catastrophic release of radiation [8]. This, among
other safety aspects (discussed further in
Section 2 of this report), makes technology a
viable solution to the energy issues faced by the
world today.

Introduction to combined heat and power

The ability of an energy generation scheme to
produce both electrical power and useful heat is
commonly known as a CHP or cogeneration
scheme [9]. Additionally, utilizing the output
heat within multiple residential dwellings is
often labelled as district heating. CHP
technology has been utilized for many years.
The world’s first commercial power plant,

conducted by Thomas Edison in 1882, was in fact
a cogeneration plant [10]. Since this date, an
exponentially increasing number of power
plants have been built around the world, some
utilized for cogeneration and others purely for
the generation of electricity. An increase in the
importance of energy efficiency and limiting
fossil fuel usage over the last 20-25 years has
led to an increase in the number of commercial
CHP schemes used in many different nations.

The reasons for this are, briefly, a central coal or
nuclear-powered power station will only
convert around 33% of its heat input into
electricity with the remaining heat being
exhausted from the turbine as low-grade waste
[11]. Upgrading and utilizing some of this heat for
district heating in a smaller generator can
increase the overall efficiency of the primary
fuel use up to 80% [11]. The actual efficiency of a
station relies largely upon the utilization of
heat. Efficiency is increased where a relatively
constant level of heat is required, and therefore,
a district heating scheme will be much more
efficient in a colder climate.

The increased importance for communities to
lower their carbon footprint and release a much
lower level of GHG’s has led to an increased
level of research into cogeneration. Many low
and zero carbon (LZC) energy schemes, such as
hydrogen fuel cells, and even nuclear power, are
now being considered and used for CHP.

Details on nuclear pebble bed
reactors

Design

A single module of the PBMR consists of a
reactor core containing thousands of fuel
pebbles (360,000 for a 110MW reactor) mixed
with pebbles made of only graphite, which is
used as a moderator. These pebbles
continuously flow through the reactor from the
inlet chute to an outlet for spent fuel [12]. Once
spent, each pebble can be inspected before being
stored, ready to reinsert into the reactor, or
discarded if any faults are witnessed. This
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system of constant refueling means that the
reactor avoids any major shutdowns for fueling
[13]. The only shutdowns therefore necessary in
the operation of a PBMR are for inspections and
maintenance very infrequently [14].

Figure I1: The general schematic of one module of a
PBMR [15].

An inert, fireproof, gas coolant such as helium
transfers heat from the reactor core to either
drive a gas-powered generator, or produce
steam to drive a steam powered generator [16].
The latter system is shown in Figure 1. The PBMR
could also be utilized as a combined gas and
steam power plant or a CHP plant. This is further
discussed in Section 6.

The fuel pebbles themselves consist of around
15,000 tristructural-isotropic (TRISO) particles
molded together in a pyrolytic graphite sphere
[16,17]. The TRISO particles contain an active
fissile material (usually Uranium-235) coated
with a layer of carbon, one of silicon carbide and
a final, outer shell of carbon, designed for
optimum containment and structural integrity
[18]. An example of the make-up of the fuel
pebbles can be seen in Figure 2.

Safety

As stated previously, the PBMR is designed in
such way that it is, ‘not physically possible to
cause a meltdown.’[13] This is because of the
Doppler broadening effects on the fuel,
essentially warranting a reactor as self-
regulating. Simply, this means that when the
interior temperature of the reactor passes a
threshold, the fission reaction slows, thus
cooling the reactor [4]. This effect is so strong
that even in the event of a complete loss of
coolant, reactors, which have previously been
successfully tested up to 1800i C, will not exceed
a temperature of 1600iC [14,20]. This is one
result of having nuclear fuel, fission product
barrier, and moderator all encased within the
fuel pebble. A system which is much simpler,
and therefore, generally safer than that of a
light water reactor (LWR).
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Figure 2: The structure of the fuel pebbles and TRISO
particles [19].

One hazard relating to nuclear reactors is that of
steam explosions occurring because of
water/steam inhabitation into the reactor core.
The risk of this happening within a PBMR is
much lower than in other reactors. This is
because the PBMR does not rely on any water-
based cooling, utilizing instead a fireproof gas
such as helium. This method revokes the need
for more complex, external cooling; the usual
cause for failure in nuclear reactors [3,4]. Even in
the situation that a steam turbine is being driven
by a secondary circuit as described in Section 2.1,
the gas coolant can be kept at very high pressure
thus inhibiting any air flow into the system [14].
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Generally, there are two major safety concerns
with this technology; the production of
radioactive dust, as seen in the German reactor,
can be resolved by discarding slightly damaged
particles upon excretion from the reactor core.
The other concern is the risk of graphite fires.
However, it is reported that even in the event of
a graphite fire, the heat produced will not be
nearly enough to seriously damage any nuclear
fission material [14].

Combined heat and power in Central
and Eastern Europe

Current statistics

In 2004, the EU incorporated cogeneration into
its energy policy via the CHP directive [21]
Because of this, one might now expect to find
many examples of CHP being utilized across
CEE. In some nations, this is the case, and CHP
does have a large share in the CEE heating
market [22]. However, from nation to nation, the
exact share varies.

In Hungary for example; almost 25% of the
electricity produced in 2006 came from a
cogeneration source [23]. In contrast, the Polish
CHP strategy could be vastly improved with
only 3.1% of the houses in urban areas and 1% in
rural areas connected to a district heating
network [24]. There are also around 30 CHP
plants currently in operation in Ukraine, a figure
which, considering the size of the nation, could
be improved upon [25].

Requirement

CHP schemes are most efficient where most of
the heat produced is consistently required and
utilized [26]. Therefore, when using CHP for
space heating, a colder location will provide a
greater thermal efficiency. Because of this, a
very brief overview of the average
temperatures in the capital cities of the 4 largest
countries in CEE has been provided. This

overview, shown in Table 1, signifies that CHP
would be extremely beneficial in all 4 of these
nations, however, Poland, Belarus and Ukraine
have the most consistent temperature pattern,
thus suggesting that CHP would be mostly
beneficial in these 3 nations.

Despite playing a large role in the CEE energy
and heating market, the CHP networks across
CEE could be vastly improved upon. One of the
main problems with these networks in CEE is
that they have become largely outdated and as
such inefficient [22]. Another issue is the limited
supplies of gas to certain nations; Ukraine is an
example of a country where gas supplies to their
CHP network were lowered in a bid to save the
nations gas reserves [28]. Furthermore, the
relative lack of use of CHP in certain nations,
such as Poland, can cause problems within itself.

Analysing the data in Figure 3, it is clear that
Poland has the highest levels of air pollution in
Europe [29]. As well as the local weather, this
could be largely attributed to a heavy reliance
on household coal fired boilers and stoves
across the nation. 69.3% of single family Polish
houses utilize a coal-fired boiler or stove for
space heating and 52.8% utilize these for their
hot water supplies [24]. This style of boiler is
inefficient, emitting a great deal of CO2 as well
as particulate matter into the atmosphere.
Statistics suggest that many of the coal-fired
boilers used are outdated thus escalating their
inefficiencies, and therefore, local pollution
levels [24].

Perhaps equally as disturbing as the high levels
of benzo(a)pyrene in the air is the amount of
radioactive fly ash which is produced when
burning coal [30]. This fly ash is generally
released into the local atmosphere with no real
containment or monitoring, thus further
polluting the air.

One way in which these problems could be
addressed would be to update and improve upon
the CHP strategies in these nations, utilizing LZC
energy sources.
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Figure 3: The concentration of benzo(a)pyrene in
the air of EU countries [29].

Table 1: The average temperatures per month in the capital cities of the four largest nations in Central and

Eastern Europe [27].

Bucharest,

Romania

(oC) (oC)
January -2.1 -3.5
February 0 -2.7
March 4.9 1.5
April 11.3 7.9
May 16.7 13.3
June 20.3 16.8
July 22.1 18.2
August 215 17.4
September 17.4 13.3
October 11.3 8.5
November 53 3.1
December 0.3 -1.1

Overview of nuclear energy in Central
and Eastern Europe

CEE previously has had, and continues to have, a
thriving nuclear industry. Table 2 shows 70
nuclear power stations (35 excluding Russia)
currently in operation and another 13 (6
excluding Russia) planned across the nations
within this region. Additionally, Table 3 shows
the general percentage of several nations'
energy use, which is produced within nuclear
power stations.

Warsaw, Poland

Kiev, Ukraine

(0C) (oC)
-5.6 -6.9
-4.4 -5.6
0.4 -1.4
8.8 6.5
15.1 12.9
18.3 16.5
19.6 17.6
18.8 17
14 12.2
8.1 6.7
2 0.9
-2.4 -3.8

Despite this data, not every nation within the
CEE region has such a thriving, positive, nuclear
industry. The Polish government is an example
who remain skeptical of nuclear power and
generally, ‘questions the need for nuclear.’ [33]

Despite this, sources suggest that
opinions of nuclear power are generally
becoming more positive within the CEE. Again,
using the Polish government as an example;
within an energy resolution in 2009, the Polish
council of ministers called for nuclear power to
provide 4.6GWe (15% of total Polish power) by

213807
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2030, with the first plant due to be constructed
by 2020 [34]. Since this, and largely due to the
national skepticism for nuclear power, the aims
of this resolution have somewhat faltered and
construction on Poland’s first nuclear power

Table 2: The number of nuclear reactors, operational and planned, in different nations within CEE [31]

station is yet to begin. Nevertheless, the first
plant in Poland is now expected to open in
around 2030, emphasizing the positive trend in

outlook on nuclear power.

Country No. of operating | No. of nuclear reactors | Total
nuclear reactors under construction
Russia 35 7 42
Ukraine 15 2 17
Czech Republic 6 0 6
Slovakia 4 2 6
Hungary 4 0 4
Bulgaria 2 0 2
Romania 2 0] 2
Belarus 0 2 2
Armenia 1 0] 1
Slovenia 1 0 1
Total 70 13 83
Total excluding | 35 6 41
Russia

Table 3: Nuclear power as a percentage of total power use in some nations within CEE [32].

Nuclear power Countries

used as a

percentage of

total power use

>33% Czech Hungary Slovakia Slovenia Ukraine
Republic

>30% Bulgaria

~20% Romania Russia

2921307
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Public perceptions of nuclear energy

One of the main issues which must be addressed
before using a PBMR for CHP is that the public
who utilize the heat and power from the reactor
must have either a neutral or positive
perception of nuclear power. Should the public
maintain a negative outlook on nuclear power
generation, then many members of a
community may move away from an area in
close vicinity of a PBMR being built for CHP.

Current perceptions

There are very few conclusive papers and
articles concerning public perception of nuclear
power. Generally, the initial inclination is that
any news of newly planned nuclear power
stations is received poorly. This, however, isn’t
always the case, the U.S. body, the Nuclear
Energy Institute (NEI) document that, in a recent
poll, 65% of the U.S. public expressed support
for nuclear energy [35]. France is also known for
being a particularly pro-nuclear nation with
around three-quarters of its power coming from
nuclear energy [32].

Looking more closely at CEE, it is difficult to find
any reputable evidence of public opinion on
nuclear power. It should be noted however that
in general, the political outlook on nuclear
power is a positive one; with many nations being
put under political pressure to produce more
electricity through nuclear power and others,
such as Hungary still witnessing traces of the
Soviet nuclear industry working effectively [33].
These positive outlooks are not shared globally,
as discussed in Section 4, the Polish government,
generally, are nuclear skeptics.

Public opinions can differ largely between
different communities. A second poll within the
U.S., this time undertaken by Rosa and Dunlap,
found that far more people opposed nuclear
plants being built than those whom favoured
the developments. The most recent statistic
given by Rosa and Dunlap, found that as little as
32% of people questioned in 1990 favoured the
building of new nuclear plants. The larger

collection of polls also documented a large
increase in nuclear opposing public between the
late 1970s and 1990 [36]. This is backed up by a
direct quote from Nealey et al. stating that,
‘public acceptance of a nuclear power plant built
near one’s residence has declined steadily since
the early 1970’s.’[37]

These fluctuating poll results and opinions on
nuclear power are largely due to the
information readily available to specific
sections of the public, and their readiness to
consume such information. In general, the
public struggle to form an opinion on such a
complex matter as nuclear energy, therefore
they are greatly influenced by mass-media and
what information is easily accessible to them
[38]. This theory, put forward by Gamson and
Modigliani, also explains why the people living
nearby nuclear reactors are found, by the NEL to
be more supportive of nuclear energy [35].
Through working at the plants, as well as living
near them, many local people are more likely to
be better informed about the pros, cons and
many safety measures built into nuclear
reactors than their counterparts.

Survey results

To assist with this study, a survey was
conducted to assess public opinions on living
near nuclear reactors and how these could be
altered with the provision of information on the
safety aspects of a PBMR. This survey was
answered by a total of 114 people, residing
mainly in the UK but also across 12 different
nations worldwide. Whilst this survey may not
be fully representative of the entire public, as
many of the people responding had similar
educational backgrounds, the results are still
relevant to this study.

Initially, respondents were asked how they
would feel if a nuclear reactor was built within
10km of their hometown to be used for CHP
development. It was also mentioned that this
can drive their carbon footprint and the cost of
their energy bills down. The respondents had
five options to select their answers from, these
are seen in Table 2.
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Table 4: Response options to the question regarding
living near a nuclear power station and each option’s
relevant score.

OPTION SCORE CORRELATING

RESPONSE

1 I would
immediately look
to move away
from the area.

2 I would be
unhappy  about
this but wouldn’t
immediately
move.

3 I would be neither
happy nor
unhappy  about
this.

4 I would be happy
about this
occurring.

5 I would be excited
by the prospect, if
this occurred in a
different town
then I would look
to move there.

After responding to the first question, the
respondents were then directed to a passage of
text. This passage, read fully in Appendix 1,
described relatively simply, the many safety
features built into a PBMR.

Following from this passage, respondents were
asked if they would feel more comfortable
living near a PBMR than the more common LWR.
They were then once again asked how they
would feel if a nuclear reactor was built near
their residence, this time specifying that the
reactor in question was to be a PBMR.

In total, 98 of the 114 respondents (85.96%),
signified that they would be more comfortable

living near to a PBMR than a LWR. This result is
shown in Figure 4.

Figure 4: A pie chart showing whether people would
be more comfortable living near to a PBMR than a
LWR.

The survey also found that prior to the passage
outlining the PBMR safety information, a
negative response averaging a score of 2.807
was given to the gquestion asking how
respondents would feel about a reactor being
built. However, after the passage of text, a more
positive response was given, with an average
score of 3.465 (where a score of 3 is impartial as
outlined in Table 2).

A further comparison of these results can be
seen in Figure 5.

Figure 5: A comparison of the response scores,
outlined in table 4, given before and after the passage
of text on the PBMR safety features.

These results further back up Gamson and
Modigliani’s theory that the information given
to people through the media can form their
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opinions on matters such as nuclear energy [38].
This, more importantly, signifies that even
within locations with a relatively negative view
of nuclear power; if the correct information is
given to the public, this could help to alter
opinions towards supporting the construction
of a PBMR for CHP.

Appendix 1 shows the full survey along with
results.

Nuclear pebble bed reactors for CHP

Nuclear CHP plans

Utilizing nuclear power generation for district
heating is not a new concept. It has been
explored briefly across many different nations
worldwide. Compared with other countries,
Russia’s nuclear CHP plans are particularly
advanced as they have already begun the
building of the first of their seven planned
floating nuclear power stations, which will be
used for CHP [39,40]. In theory, much like the
PBMR, these stations can be used modularly to
relieve an amount of the power deficit brought
about by the industrialization of the coastal
cities and towns of Russia.

The Finnish government have also extensively
explored the option of utilising a nuclear reactor
for CHP. For a long time now, plans have been
being drawn up to cogenerate from Loviisa unit
3 to provide heat for Helsinki [41,42]. Early
estimates suggest that the development of this
alone could be enough to offset 6% of Finland’s
CO2 emissions [43]. Other nations, such as the
UK, have done a small amount of research into
utilizing nuclear power for district heating,
though no plans have yet been drawn up [44].

Pebble bed reactor CHP suitability

Many of the PBMR design features make this
type of reactor particularly suitable for CHP
generation. The safety features discussed in
Section 2.2, particularly the inability, even in
extreme circumstances, to cause a core

meltdown within a PBMR, means that the
reactor can be built near homes and businesses.
Thus, residents can live and work in the
immediate proximity of a PBMR, being utilized
for CHP, without the usual major risks
associated with nuclear power generation.
Furthermore, the design of the reactor is such
that a reactor can be built underground for
further safety and peace of mind relating to the
security of the reactor within a small, localized
area[20].

A short distance between a reactor and the heat
utilization network isn’'t, however, a
prerequisite for CHP. William Orchard
conducted a low-level calculation relating to
utilizing the Sizewell Unit B reactor for CHP
within London, 128km away. This assessment
found that in transit between the heat source
(Sizewell B) and heat utilization network
(Central London), a net temperature gain of
0.10C can be expected, because of friction and
the waste heat associated with pumping [45].
Thus, if the requirement to live near a nuclear
reactor was a detrimental factor when utilizing
the PBMR for CHP, this can be alleviated by
simply building the reactor further away.

An additional concern with the proposition of
any nuclear-CHP scheme is whether people
would be willing to heat their homes with water
which is potentially contaminated by
radioactive substance. This concern however, is
unjustified, as the pure treated water used with
nuclear power cannot carry radioactivity and
thus, is completely safe to use [46].
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Figure 6: The basic schematic of how a PBMR can be
used for CHP.
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Regarding the reactor design itself, to be used
for CHP, at least two gas/liquid circuits must be
used. One potential design consists of a primary
circuit, containing the coolant gas, which runs
through the reactor core, extracting heat and
powering a gas turbine for electricity
production. A secondary circuit containing pure
treated water, can then extract waste heat from
the primary circuit via a heat exchanger. This
secondary circuit will then utilize the waste
heat for space or domestic water heating. A
simple version of this CHP structure can be seen
in Figure 6. The issue with utilizing nuclear
power in this way is that steam explosions could
be caused by water ingress into the reactor core.
A simple solution to this however is that the
primary circuit can be kept at a very high
pressure, thus inhibiting any liquid/vapour
inflow and minimalizing this risk [14].

Perhaps one of the most attractive design
features, when regarding the PBMR for CHP
generation is the constant refueling. The only
shutdown periods needed for the PBMR are for
maintenance, thus meaning that a consistent
level of heat can be constantly supplied by this
reactor [14]. This is one prerequisite to running a
successful CHP scheme. The shutdown period
could also be administered within summer,
when less heat is needed, thus further
enhancing this feature. In fact, when utilizing
the waste heat from a PBMR effectively in this
way, it is estimated that a PBMR could be as
much as 30% more efficient than a LWR [47].

The small scale modular reactors are also
incredibly economically attractive, especially
whenbeing used for CHP, as this greatly reduces
their financing cycle [17,47]. This short financing
cycle, and the fact that small modules can be
combined together when heat and power
requirement increases, is such that, the PBMR
could be useful for a smaller, local market, thus
inheriting the PBMR for CHP a real possibility
[20].

ACACIA design review

The concept of utilising the PBMR for CHP has
been previously explored by a handful of
researchers and engineers alike. Da Cruz, De
Haas and Van Heek produced and submitted a
design whereby the PBMR could be used in a
combined gas and steam cycle power plant or a
cogeneration plant [48].

The 60MWt CHP plant design, outlined in Figure
7, consists of a helium cooled PBMR set
underground. The helium coolant transports
heat away from the reactor into a He/N2 heat
exchanger. Here, nitrogen gas is heated before
flowing through the secondary circuit of the
plant. This gas flows back above ground to
power a gas turbine, producing 18.8MWe. This
process also powers the low pressure and high
pressure compressors. Once it has passed
through the turbine, the N2 gas, now at 5160C is
directed through four heat exchangers in a row:
the heat recovery steam generator, the
recuperator, the feedwater heater and the
precooler. Following on from this, the N2 gas is
condensed, before being transported back to the
recuperator to recover heat, before restarting
the cycle by flowing back to the He/N2 heat
exchanger. Within the heat recovery steam
generator, process steam is produced to either
power a steam turbine, giving an extra 5.2MWe,
or to be used for the heating process of a CHP
plant.

The features of both the electricity-only and
cogeneration options are shown in Table 5.

Figure 7: ACACIA cycle design for cogeneration of
electrical power and process steam [48].
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Table 5: Main features of ACACIA indirect cycle plant, in cogeneration mode and in electricity-only mode [48].

Reactor Power (MWt)
Core Inlet/Outlet Temp. (°C)
Net Electrical Output (MWe)

Gas Turbine Output (MWe)
Steam Turbine Output (MWe)

Process Steam Production (t/h,
425°C/4.14MPA)

Net Power Generation Efficiency [%]

Net Total Thermal Efficiency [%]

Baseline Cogeneration Combined Cycle

60
352/900

18.1 23.2
18.8 18.8

= 52
27.8 -
30.1 38.7
70.0 38.7

Table 6: The heat and electricity provided by the ACACIA PBMR design, compared with demand in UK homes.

Calculations based on the full use of electricity produced:

No. of homes electricity demands in provided for (/yr)

Heating demand offset in these homes by PBMR heat

(%)

21,973
62,38

Calculations based on the full use of heat produced:

No. of homes heated, and electricity demands in

provided for (/yr)

Electrical power given back to the national grid

(kwh/yr)

This reactor is designed such that, the secondary
nitrogen cycle keeps large distances between
the steam cycle and the PBMR, thus decreasing
the likelihood of a steam explosion. The
nitrogen cycle is also kept at very high
pressures as opposed to the helium and steam
cycles, this inhibits steam ingress towards the
reactor core and, also serves the purpose of
inhibiting any fission products entering the
nitrogen cycle and thus moving away from the
underground reactor module.

Low-level calculations have been conducted,
assessing the power and heat production of this

13,706

59,522,400

reactor design and comparing this to the heat
and power used by UK homes. These calculations
were conducted with reference to the CIBSE
Energy Benchmarks [49], Ofgem domestic
consumption values [50] and Clark’s
paper on CHP Calculations [51] The full
calculations can be seen in Appendix 2 and
results in Table 6.

Conclusion
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It is important within modern society to
endeavour and adapt to newer, more efficient
technologies, to reduce CO2 emissions and meet
the energy goals set out by international bodies.
Utilizing the PBMR for CHP is one way in which
this can be achieved. The PBMR is a relatively
unexplored technology when compared to other
power generation systems. However, its ability
to efficiently output electricity and heat
consistently and safely could make the PBMR a
very important technology for the future.

China are currently frontrunners when it comes
to adapting the PBMR. Findings suggest that it
could be equally, if not more, beneficial for
many of the nations within the CEE region to
invest in PBMR CHP schemes. A CHP plant
would be incredibly efficient within the colder
climates in the CEE. Newer schemes would
provide much needed updates and
improvements across those nations which
already utilize CHP effectively, as well as a
colossal reduction in CO2 emissions within
nations which do not currently have large CHP
networks. The benefits of installing and
updating CHP networks would be enhanced
dramatically by using a LZC CHP network such
as the PBMR.

Wwith all nuclear power plants, safety is a
concern. In the event of an accident, the release
of radiation can be catastrophic. The PBMR
however is somewhat different to other nuclear
plants. The pebble bed design provides an
inherently safe and self-regulating reactor
which is, even in extreme circumstances,
meltdown proof. This, among many other
features warrants the PBMR a system which
should be considered for CHP generation,
especially as other, less suitable nuclear
reactors are already being considered. The
PBMR is constantly refueled, and fuel samples
can be checked/tested on a regular basis, thus
avoiding shutdown periods for anything except
maintenance. Therefore, a consistent heading

load can be output from a reactor of this type.
The PBMR also benefits from a modular design,
meaning that if electricity or heat demand
increases, additional rectors can be connected to
the original to increase the output.

One major hurdle regarding a nuclear CHP
scheme of any kind, is how the public perceive
nuclear power. Mixed and somewhat negative
views of nuclear power are found within many
regions of the world. With correct provisions,
however, these perceptions could be altered.
Information on the safety features of the PBMR,
the benefits of nuclear power and the benefits
of CHP generation; distributed efficiently and
consumed by the public would alter perceptions
drastically. This would then provide the
leverage necessary for any local government to
plan and administer a CHP scheme of this type
and as such, would increase technological
developments further.

The PBMR design suggests a more efficient and
safe reactor than any other nuclear plant in
operation. It is also suited for CHP generation
and, PBMR CHP schemes could provide a
solution for the future of power generation.
ACACIA have provided a relatively simple
design as to how this could become a reality.
Within the UK, one 60MW¢t reactor could
provide for more than 21,000 homes electricity
demands and 13,000 homes heating demands.
This feat would be achieved with low to zero
CO2 emissions and limited safety concerns.

Findings suggest that the PBMR has the
potential to be the nuclear power plant of the
future; and, utilising it for CHP generation
seems like a logical solution to meet increasing
energy requirements within CEE, and across the
world.
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Appendix 1 - Public perceptions
Full survey and results

The full survey, conducted between November
2016-January 2017, regarding public perceptions
of nuclear power and whether they could be
altered with more information, with particular
focus on the nuclear pebble bed reactor and the
use of this for combined heat and power, read as
follows.

Q1. What range does your age fall into?

Below 18 years
18-24 years
25-34 years
35-44 vyears

45 years and above

Q2. Which country do you currently reside in?

Q3. If a NUCLEAR reactor was installed within
10km of your hometown to be used for
combined heat and power, this has potential to
drive your carbon footprint and the cost of your
energy bills down. How would you feel about
this?

1 -Iwould immediately look to move away from
the area

2 - I would be unhappy about this but wouldn’t
immediately move

3 -Twould be neither happy nor unhappy about
this

4 -Twould be happy that this is occurring

5 - 1 would be excited by the prospect, if this

occurred in a different town I would look to
move there

Please read this short passage:

Nuclear pebble bed reactors are a type of
nuclear reactor which are deemed to be
completely meltdown proof and inherently
safe. Simply, this is because the highest
operating temperature of a nuclear pebble bed
reactor is well below the melting temperature
of the uranium fuel even with a complete loss of
coolant. The nuclear pebble fuel also has silicon
and graphite layers which are used to contain
the nuclear fission products and in turn the
radiation. The gases used for coolant, such as
helium, are not able to dissolve or damage the
graphite containments or absorb neutrons to
become radioactive themselves. This essentially
means that an external emission of radiation is
close to impossible. The fuel is also continually
tested for defects as it is flushed out of the
reactor and reinserted. If defects with one
particular pebble are found, then this can be
removed prior to it causing an issue, and
replaced with a new nuclear pebble.

Taking this passage into account please answer
the following two questions.

Q4. Would you feel more comfortable if the
nuclear reactor to be installed within 10km of
your hometown was a pebble bed reactor as
opposed to the conventional light water
reactor?

Yes

No

Q5 If a NUCLEAR PEBBLE BED reactor was
installed within 10km of your hometown to be
used for combined heat and power, this has
potential to drive your carbon footprint and the
cost of your energy bills down. How would you
feel about this?

3021307



Journal of Power Technologies 0% (4) (2025) 30% -- 307

r—

J LU U

1-Iwould immediately look to move away from
the area

2 - I would be unhappy about this but wouldn’t
immediately move

3 -Twould be neither happy nor unhappy about
this

4 -Twould be happy that this is occurring

5 - 1 would be excited by the prospect, if this
occurred in a different town I would look to
move there

A total of 114 people answered the survey, the
results to each question can be seen below.

Question 1 - What is your age?

Age Range Mo. of Respondents
17 years and under o
18-24 years )
15-34 years 7
35-44 years 15
45-54 years 21
EE+years 12

Question 2 - Which country do you currently
reside in?

Country
UE
USA

Ireland

MNo. of Respondents
100

Malaysia
South Africa

Germany

Denmark

France

Belgium

Spain

South Korea

Algeria

[l i Bl Ll Bl B D

MNoreay

Question 3 - If a NUCLEAR reactor was installed
within 10km of your hometown to be used for
combined heat and power, this has potential to
drive your carbon footprint and the cost of your
energy bills down. How would you feel about
this?

Question 4 - Would you feel more comfortable if
the nuclear reactor to be installed within 10km
of your hometown was a pebble bed reactor as
opposed to the conventional light water

reactor?
Answer Mo. of Respondents
Yes S8
No 16

Question 5 - If a NUCLEAR PEBBLE BED reactor
was installed within 10km of your hometown to
be used for combined heat and power, this has
potential to drive your carbon footprint and the
cost of your energy bills down. How would you
feel about this?

He. ol Reamunaeem |

FETTTIEL

Appendix 2 — ACACIA design heat and
electricity use calculations

To assess the ACACIA pebble bed modular
reactor design low-level calculations have been
conducted to compare the heat and electricity
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output from this design to demands within the
UK.

The first step was to convert the 60 MWt input
power to kWh/yr. The energy input into the
reactor equated to a total of
525,600,000kWh/yr. Next, this value was used
to find the heat and electricity output from the
reactor in a year. These values are seen in the
table immediately below.

Fercaninpe of Energy inpul | Yearly Cumpat [KWhfyr)

The electricity value was then divided by a
domestic electricity consumption figure for UK
homes (7,200kWh/yr.) to find a comparison. This
found that operating at maximum capacity, the
reactor could provide the entire electricity load
for 21,973 homes.

Next, the heating load for these many homes
was found to be 336,186,900kWh/yr. (found by
multiplying the domestic gas consumption
value of 18,000 by 0.85 and 21,973). Comparing
the heating output from the reactor, it was
found that 62.38% of the heating load for 21,973
homes could be provided for.

Finally, the methods were switched around. The
heating load was divided by the domestic gas
consumption figure for UK homes. This found
that operating at maximum capacity, the reactor
could provide the total heating load for 13,706
homes.

The electricity load for this number of homes
was found to be 98,683,200kWh/yr. This means
that 59,522,400kWh/yr. could be fed into the
national grid.

N.B. - All domestic consumption loads used were
the higher values found, thus providing a ‘worst
case scenario’ calculation. The domestic gas
consumption load was assumed to equate
entirely to domestic heating loads within
boilers of 85% efficiency.
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