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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

There have been broadly two waves of nuclear reactor technology developments. The first wave is the construction of the 
exploratory Generation I and early Generation II reactors in Canada, Russia, the USA, and Western Europe. The second wave is 
the rapid scale-up of commercially proven Generation II reactors in North America and Western Europe followed by technology 
transfer to East Asia after the Three Mile Island and Chernobyl accidents. As of today, majority of the reactors in commercial 
operation belong to the Generation II designs. We are in the third wave which is the development of Generation III and III+ reactors 
post-Fukushima. The objectives of Generation III/III+ reactors are radically enhanced safety and improved economics. The third 
wave also saw the emergence of East Asian vendors from Japan, South Korea, and China offering indigenous reactors to the global 
market. Parallel to the developments in the third wave, the nuclear industry seems to have also ventured into the fourth wave, which 
is the development and early demonstration of Generation IV reactors. Through a review of historical developments in nuclear 
energy worldwide, this paper provides a perspective of future reactor technology and market developments with a view of the 
changing dynamics in technology and the global market developments. 
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1. Historical developments 

With reference to the International Atomic Energy Agency’s Power Reactor Information System database [1], most 
of the reactors were constructed more than 30 years ago. From the late 1980s to the 1990s, the global market of reactor 
constructions experienced a major shift from North America and Western Europe to East Asia. The early nuclear 
reactors constructed in East Asia were supplied by Western vendors, such as Atomic Energy Canada Limited (AECL), 
Framatome, OKB Gidropress, and Westinghouse. Framatome has become part of Areva whose majority shares are 
owned by the French state and Westinghouse is now part of Toshiba. Through decades of strategic partnership with 
these Western vendors, East Asian countries, namely, Japan, South Korea, and China have derived indigenous reactor 
designs to compete in international markets [2]. With China leading the world in the number of new reactors under 
construction, several countries in the Middle East, South, and South East Asia are inching towards becoming new 
nuclear user-states. 

 
Nomenclature 

ABWR  advanced boiling water reactor  
AECL  Atomic Energy Canada Limited 
BDBA  beyond design basis accident 
BWR   boiling water reactor 
CE  Combustion Engineering (USA) 
CGNPC  China General Nuclear Power Corporation 
CNNC  China National Nuclear Corporation 
ESBWR  economic simplified boiling water reactor 
FNR  fast neutron reactor 
HTR  High temperature reactor 
HTR-PM high temperature reactor pebble-bed module 
HWR  heavy water reactor 
iPWR  integral pressurized water reactors 
KSNP  Korean Standard Nuclear Plant 
LFR  liquid-metal-cooled fast reactor 
MHI  Mitsubishi Heavy Industry (Japan) 
MSR  molten salt reactor 
NRC  Nuclear Regulatory Commission (USA) 
SMR  small modular reactor 
SNERDI Shanghai Nuclear Engineering Research and Design Institute 
SNPTC  State Nuclear Power Technology Corporation 

 

1.1. USA and France 

Majority of the nuclear reactors in commercial operation are Generation II pressurized water reactors (PWRs), 
boiling water reactors (BWRs), and heavy water reactors (HWRs) (see Table 1 for examples of Generation II reactors). 
Studies by Koomey and Hultman [3] and Lovering, Yip and Nordhaus [4] suggest the Three Mile Island accident as 
an important factor in the cost escalations narratives, including new regulatory safety requirements, licensing, back-
fit requirement, and uncertainties post-accident [5-7]. Standardization in design and construction serves as an 
important basis for technology competence development in France. Framatome derived indigenous designs of three 
homogeneous series, namely CP (3-loop 900 MWe class), P/P’4 (4-loop 1300 MWe class), and N4 (4-loop 1450 MWe 
class) series based on a single Westinghouse platform technology [8]. Despite the multiple benefits of standardization 
and cost-savings through the twin-unit construction practice Plante [8], there has been mild escalation in reactor 
construction costs to rising labor costs, increased regulatory requirements, and increased complexity from 900 MWe 
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class to larger reactors [9]. The challenges faced by France are further reflected in the construction of the Generation 
III+ EPR whose technology is derived based on the N4 series and German Konvoi technology [10]. 

     Table 1. Examples of Generation II light water reactors. 

Reactor model Designer 

System 80 and System 80+ Combustion Engineering 

600 MWe, 900 MWe, 1200 MWe class Toshiba-Westinghouse 

Boiling water reactors GE-Hitachi-Toshiba 

VVER OKB Gidropress 

CP, P/P’4, and N4 series Framatome (Areva) 

CANDU Atomic Energy Canada Limited 

OPR-1000 Korean Nuclear & Hydro Power Corporation 

CPR-1000 China National Nuclear Corporation 

 

1.2. East Asia 

In Japan, BWRs are developed by GE-Hitachi-Toshiba and PWRs are developed by Mitsubishi Heavy Industry 
(MHI) in partnership with Westinghouse. Japan operates a large fleet of Generation II reactors and several Generation 
III Advanced Boiling Water Reactors (ABWRs) at Shiga-2, Hamaoka-5, Kashiwasaki-Kariwa-6 and -7. The ABWR 
is licensed to operate in Japan, the US, and Taiwan. GE-Hitachi further developed the Generation III+ Economically 
Simplified BWR (ESBWR) targeting for the UK and the US markets. In September 2014, the US Nuclear Regulatory 
Commission (NRC) approved the Combined Construction and Operating License (COL) for the first proposed 
ESBWR unit at Grand Gulf Nuclear Station, but Entergy (owner of the project) withdrew the licensing application in 
September 2015. The US NRC approved the COL for the construction of two ABWR units in South Texas Nuclear 
Project, but the plan has become highly uncertain [11]. 

South Korean reactors are constructed either directly by foreign vendors, such as AECL, Framatome, and 
Westinghouse, or in partnership with Hyundai in the early years. Drawing from Combustion Engineering (CE) System 
80 (800 MWe class) technology, the Korean Standard Nuclear Plant (KSNP) emerged and subsequently evolved to 
KSNP+ as a nation-wide standardized design. In 2005, the KSNP/KSNP+ was rebranded as the OPR-1000 for 
domestic and other Asian markets, particularly Indonesia and Vietnam. Under the technology transfer arrangement 
with CE, the nuclear steam supply system of the OPR-1000 is derived based on CE System 80+ (1300 MWe class) 
design and the reactor core is derived from CE 1000 MWe design. The OPR-1000 has subsequently evolved into the 
Generation III APR-1400 design with more than 95% South Korean intellectual property rights. 

The first Chinese reactor, Qinshan-1, is a single-loop small sized PWR (CNP-300) designed by Shanghai Nuclear 
Engineering Research and Design Institute (SNERDI) and constructed by CNNC with nearly 95% of components 
supplied by domestic manufacturers. In the early stage of development, China imported wide-ranging technologies 
from Canada, France, and Russia. Over the decades, CNNC has become the main vendor for the development and 
construction of nuclear reactors in the domestic market. In September 1994, a second state-owned major nuclear 
energy enterprise, China General Nuclear Power Corporation (CGNPC) was established under the State-owned Assets 
Supervision and Administration Commission of the State Council. 

Framatome and Westinghouse both had an important role in the development of Chinese nuclear technology 
competence. Immediately after Qinshan-1, two units of Framatome M310 reactors were constructed at the Daya Bay 
Nuclear Power Station. CNNC evolved the CNP-300 into CNP-600 and CNP-1000 in partnership with Framatome 
and Westinghouse, and developed the Generation III ACP-1000 independently all with full Chinese intellectual 
property rights. CGNPC led the development of the Generation II+ CPR-1000 based on the Framatome M310 (CP 
series) technology. Areva retains the intellectual property rights for the CPR-1000 posing substantial constraints on 
exporting to overseas markets. By late 2000s, CPR-1000 (often designated as M310+) has become the most preferred 
technology in the domestic market. Subsequently, CGNPC evolved CPR-1000 into the Generation III Advanced CPR-
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