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Abstract 
Earth, Wind, and Fire (EWF) is a natural ventilation system developed by Dr Ben Bronsema for 
office buildings in the Western European climate. Powered by nature: ground temperature 
& gravity for cooling, wind for energy generation & ventilation, and sun for the heat and 
natural draft, this system claims not only to use little energy but also naturally purifies while 
humidify/dehumidify the air. No study has been done to see the performance of the system 
in a warmer climate, such as Tokyo. This thesis intends to answer that question. 

The dynamic duo of EWF: air supply system called Climate Cascade (CC) and air exhaust 
system called Solar Chimney (SC) are sized and calculated using 2 separate Excel models, 
from which the key parameters are identified, and design choices can be made. It was 
clear that as Tokyo’s temperature is warmer than Amsterdam’s, the focus needs to be given 
to cooling rather than heating. The challenge: space is limited in Tokyo hence the proposal 
of making SC a plug & play unitized system. 

Armed with a case study integrating EWF into a relatively new 10-story medium-sized office 
building in Tokyo, the study explored and compared 4 different systems: the existing energy-
conscious VRF system, conventional VAV system, EWF with a chilled ceiling, and EWF through 
chilled beams. 

In conclusion, EWF can contribute to energy reduction (40%) without compromising thermal 
comfort in comparison to the conventional VAV. Regarding VRF, further research needs to 
be done to properly simulate EWF with HR in the dynamic simulation software used. 
Moreover, EWF contributed to ventilation energy reduction in all cases evaluated, as well as 
improving thermal comfort. 

Keywords: Earth Wind and Fire, natural ventilation system, air conditioning system, HVAC 
system, energy retrofitting, energy neutrality, office buildings, Tokyo, thermal comfort.   
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Preface 
I am fortunate to be able to call 2 of the largest built-up urban area in the world: Jakarta 
and Tokyo, as my home. The first is my hometown of birth, while the second is home for my 
higher education, work experience, and first actual city exploration and immersion without 
private cars. In the first, air-conditioning is, by default, a daily-necessity, and in the second, 
air-conditioning in heating mode during winter and cooling mode during summer is still 
indispensable. I has never lived, or experienced a world without conventional air-
conditioning, until I came to study in the Netherlands. 

Then one day, I had the chance to attend Dr Ben Bronsema’s presentation about his Earth, 
Wind, and Fire concept, and how it was designed and developed in the hope to replace 
the conventional HVAC system in office buildings in the Netherlands. He called it natural air-
conditioning. 

Both fascinated and challenged, it was one of those “the calling” moment when I was 
determined to see how I could apply this system back home.  Which home? Considering 
Tokyo has both need for heating and cooling, and in that way, more similar to the intended 
climate of EWF in the Netherlands, I chose Tokyo. 

"I want you to act as if the house is on fire, because it is." Greta Thunberg 

The clock is ticking, our mother earth is dying, and the future of life in this planet as we 
know it desperately need real action from us today. What are we waiting for?  
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 Introduction 

1.1 PROBLEM STATEMENT 

Japan, despite being the third richest country in the world (Silver, 2020), is only ranked 34 out 
of 35 OECD (Organization for Economic Co-operation and Development) countries in 2017 
for Primary Energy Self Sufficiency Ratio, with merely 9.6%. Still largely dependent on fossil 
fuels such as oil, coal and LNG (liquefied natural gas), Japan’s dependence was 87.4% in 
2017, rose as a result of increased utilization of thermal power generation to make up for the 
shortage of electricity caused by the shutdown of nuclear power plants after the Great East 
Japan Earthquake in 2011. Thus, Japan’s dependency of imports from overseas for fossil fuel 
is painstakingly high: 99.7%, 97.5%, and 99.3% for crude oil, LNG, and coal, respectively 
(Agency for Natural Resources and Energy, 2019).  

On the other hand, the Greater Tokyo Area is not only the most populous metropolitan in 
the world, with more than 37.468 million residents as of 2018 (United Nations, Department of 
Economic and Social Affairs, 2018), but also the largest built-up urban area in the world. With 
8,230 km2 built-up land area, Greater Tokyo Area is the third-largest single metropolitan area, 
behind New York City and Boston-Providence (Demographia World Urban Areas, 2020). 

  

Figure 1 Sectoral Breakdown of energy-related CO2 emission (left) and energy consumption (right)  
in Tokyo in 2016 (Tokyo Metropolitan Government, 2019) 

Furthermore, buildings account for more than 70% of CO2 emissions in Tokyo, with 30.2% from 
the residential sector and 45% from the commercial sector (Tokyo Metropolitan 
Government, 2019).  

These characteristics might have been the reasons for Japan to commit to reducing 
greenhouse gas emissions by 26% in 2030 in comparison to the 2013 level (Agency for Natural 
Resources and Energy, 2019). Consequently, Tokyo Metropolitan Government has set 
equally ambitious goals by 2030: 30% and 38% reduction for greenhouse gas emission and 
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energy consumption respectively, in comparison to the year 2000 (Tokyo Metropolitan 
Government, 2019). Moreover, on 26 October 2020, Japan PM Yoshihide Suga, pledged to 
“reduce greenhouse gas emissions in Japan to net-zero by 2050, that is, carbon-neutral by 
2050, and aim to achieve a decarbonized society” (Ohno, 2020). 

In order to achieve these goals, an innovative solution is needed, especially for energy 
consumption in commercial buildings, as it is the highest. Therefore, a sustainable alternative 
to the conventional air-conditioning system in buildings could be the most effective solution. 

Conversely, vacant office buildings in Tokyo are on the rise, and the COVID-19 pandemic 
has prompted many companies to postpone their plans to relocate or move to a bigger 
office, consolidating workplaces or cancelling rent contracts as a result of increasing work-
from-home practices (Jiji, 2020). On the bright side, vacant buildings make for a better ‘deep 
renovation’ condition, i.e., energy retrofitting to Zero Energy Buildings (ZEB) that is sure to 
contribute in achieving the previously mentioned goals. 

This research aims to provide a sustainable alternative to a conventional air-conditioning 
system in office buildings in Tokyo through the following objectives: 

 To explore the potential of Earth, Wind, and Fire system (hereinafter referred to as 
“EWF”) by Dr Ben Bronsema for the climate of Tokyo 

 To develop a case study of integrating EWF into an existing office building in Tokyo 
 To evaluate the impact of EWF system in comfort level and in achieving energy-

neutrality in an office building in Tokyo 
 When relevant, to optimize the EWF system following the evaluation found in the 

previous objective, to be better suited for the climate of Tokyo 

This leads to the following research question: 

“Is the Dutch Earth, Wind and Fire system (EWF), in place of the existing air-conditioning 
system, an efficient energy‐retrofitting method to achieve energy‐neutrality in an office 

building in Tokyo without compromising thermal comfort of users?” 

To answer the main research question, the following sub-questions have been proposed. For 
a better understanding, they have been grouped into 3 categories: 

Site context 

 How does the climate of Tokyo impose challenges in achieving thermal comfort 
throughout the year? 

Office buildings in Tokyo 

 What are the typologies of office buildings in Tokyo and their air-conditioning 
systems? 

 What is the energy consumption of office buildings in Tokyo and what are the 
applicable regulations related to it? 

EWF system & its integration 
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 What are the elements of EWF and how are they a sustainable alternative to the 
existing air-conditioning system? 

 What are the criteria for EWF integration into an existing building? 
 How effective is the proposed EWF design in comparison to the existing air-

conditioning system in terms of energy consumption and thermal comfort? 

1.2 THESIS STRUCTURE 

The thesis has the following structure. 

 

Figure 2 Thesis Structure   
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 Site Context 

2.1 TOKYO: CLIMATE 

The climate in Tokyo is warm and temperate, with a great deal of rainfall, even in the driest 
month. According to Köppen and Geiger, this climate is classified as Cfa, identified as humid 
subtropical climate. characterized by hot and humid summers, and cold to mild winters 
(Wikipedia, 2020a). For comparison to the climate of The Netherlands (Amsterdam), please 
refer to Appendix 1. 

2.1.1 Temperature 

The temperature in Tokyo mostly stay above freezing point, with January as the coldest 
month with the monthly mean daily minimum temperature at 3.7°C, and August as the 
hottest one with 34.1°C in 2020. The annual average temperature is 16.5°C (Japan 
Meteorological Agency, 2020). 

 

Figure 3 Max, Min, and Average Temperature in Tokyo in 2020 

2.1.2 Precipitation 

In 2020, April was the wettest month whereas December was the driest, while July has the 
rainiest days, usually called Tsuyu（梅雨） or the rainy season that starts from June. The annual 
average for rainfall is 1590 mm (Japan Meteorological Agency, 2020) in 223 rainy days in 
2020 (World Weather Online, 2020). 
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Figure 4 Rainy days and Average Rainfall in Tokyo in 2020 

2.1.3 Relative Humidity (RH) & Cloud Amount 

The monthly mean RH in Tokyo in 2020 stays above 50%, with February having the lowest RH 
(55%), and July with the highest (89%). This trends almost entirely in-line with the amount of 
clouds, with July the most cloudy (97%), although the least amount of clouds is in December 
with 50%, followed closely by February with 52% (Japan Meteorological Agency, 2020). 

 

Figure 5 RH and Cloud amount in Tokyo in 2020 
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2.1.4 Wind speed and Wind Rose 

Throughout the year, the monthly mean wind speed in Tokyo is rather uniform and mild, 
ranging from 2.1 – 3.2 m/s  (Japan Meteorological Agency, 2020), with most wind originating 
from the north-north-west direction (Meteoblue, 2020). 

 

 

Figure 6 Wind Speed and Wind Rose in Tokyo in 2020 
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2.1.5 Sun path and Sun Angle 

With a dummy building model, the sun path, sun angle, and the casted shadows can be 
analyzed for 4 different seasons in Tokyo. Data is taken from andrewmarsh.com. 

①   ②  

③  ④  

 
Figure 7 ① Spring equinox (20 Mar), ② Summer solstice (21 Jun), ③ Autumn equinox (22 Sep), 

④Winter solstice (21 Dec) 

①  
②  

③  
④  
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2.1.6 Global Solar Radiation and Sun Hour 

The peak for both monthly mean global solar radiation and sun hours in Tokyo in 2020 was in 
August, whereas the lowest points vary: January for solar radiation and July for sun hours 
(Japan Meteorological Agency, 2020).  

 

Figure 8 Global solar radiation and Sun hours in Tokyo in 2020 

 

2.2 TOKYO: OFFICE BUILDING 

Office buildings in Japan are not classified under Tokusyukenchikubutsu （特殊建築物）, or 
‘Special Building’ under Japan’s Building Standards Law article 2 paragraph 2, unlike hotels, 
apartments, schools, etc., thus one can assume that there is more freedom in designing 
offices as the applicable laws are less. However, as space is relatively limited in Tokyo and 
in general profitability is highly valued, securing the maximum (rentable) floor area is the 
priority. Consequently, the shape of the building is largely determined by the site condition 
(Wikipedia, 2020b).   

In principle, office buildings in Tokyo can be classified by size: Large buildings (Gross floor 
area 5,000 tsubo1 or more) and Small & Medium buildings (Gross floor area 300-5,000 tsubo).  

As shown in Figure 9, small and medium office buildings are the majority in Tokyo, 
representing more than 90%, with most of the buildings are 20 years old or more. On the 
other hand, for large office buildings, the ratio for the building age is less significant, with less 
than 20-year-old buildings represents 45%. 

 

1 Tsubo (坪) is Japanese unit of measurement for an area of 3.3 m2, or about 2 tatami-size 
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Figure 9 Tokyo’s Office Pyramid 2020: Number of Buildings (Xymax Real Estate Institute, 2020b) 

 

2.2.1 Typology 

Following the previously-mentioned classification by size, the office typologies in Tokyo will 
be explored the same by giving examples chosen by the writer. To narrow down the 
samples, the examples will be taken from Shinjuku area: a good mix of entertainment and 
business area in downtown Tokyo. 

1. Small & Medium Buildings 

This group would be the ideal type for EWF integration (to be further explained in 2.2.3. 
Integration criteria), although different from the Netherlands, spaces in Tokyo are 
much more limited, and most of the buildings are built fully within the site. Unless 
otherwise stated, the sources of the followings are taken from https://www.offisite.jp/. 
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Table 1 Small & Medium Office Buildings in Tokyo-1 

 

  

Kawadacho Yasuda Building Nishishinjuku Koide Building 

 

 

  

 Built in 1988 
 Office 
 3 floors above ground, 1 basement 
 Typical floor area: 243.85m2 
 Individual air conditioner 

(source:  office.tatemono.com) 

 Built in 1990 
 Office 
 11 floors above ground, 1 basement 
 Typical floor area: 94.05m2 
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Table 2 Small & Medium Office Buildings in Tokyo-2 

 

  

Nishishinjuku KF Building DUO Nishishinjuku 

  

 
 

 Built in 1993 
 Office 
 8 floors above ground, 1 basement 
 Typical floor area: 82.14m2 
 Individual air conditioner 

 Built in 1994 
 Office 
 10 floors above ground, 2 basements 
 Typical floor area: 65.42m2 
 Individual air conditioner  
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Table 3 Small & Medium Office Buildings in Tokyo-3 

 

  

Nishishinjuku TK Building PMO Shinjuku Gyoenmae 

  

 

 

 Built in 2003 
 Mixed use: Office, restaurant 
 9 floors above ground, 1 basement 
 Typical floor area: 80.29m2 

 Built in 2019 
 Office 
 9 floors above ground 
 Typical floor area: 344.02m2 
 Individual air conditioner 

(source:  www.pmo-web.com) 
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2. Large Buildings 

Some of the iconic office buildings in Tokyo are in this group, many with shops and 
restaurants on the lower parts, or even hotels on the higher part. Good connection 
to the train station is also key. Below are some of the examples (Officetar, 2015). 

 

Odakyu Daiichi Seimei 
Building 

Shinjuku Park Tower Tokyo Opera City 

   

 

 

 

 Built in 1980 
 Mixed use: office, hotel, 

restaurants 
 26 floors above ground, 4 

basements 
 Typical floor area: 1909m2 
 Individual air conditioner, 

connected to district 
heating/cooling 

 Built in 1994 
 Mixed use: office, hotel, 

restaurants 
 52 floors above ground, 5 

basements 
 Typical floor area: 3468m2 
 Central (VAV) and 

Individual air conditioner 

 Built in 1996 
 Mixed use: office, theater, 

museum, restaurants 
 54 floors above ground, 4 

basements 
 Typical floor area:  2159m2 
 Individual air conditioner 

Table 4 Large Office Buildings in Tokyo-1 
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Table 5 Large Office Buildings in Tokyo-2 

 

  

Nishi Shinjuku Mitsui Building Nittochi Nishi-Shinjuku 

Building 

CONCIERIA Nishishinjuku 

Tower’s West 

   

  

 

 Built in 1999 
 Office 
 27 floors above ground, 2 

basements 
 Typical floor area: 1576m2 
 Individual air conditioner 

 Built in 2002 
 Office 
 23 floors above ground, 2 

basements 
 Typical floor area: 900m2 
 Central and Individual air 

conditioner 

 Built in 2008 
 Mixed use: Condominium, 

Office 
 44 floors above ground, 4 

basements 
 Typical floor area: 936m2 
 Individual air conditioner 



PAGE 15 

2.2.2 Air-Conditioning 

In general, there are 2 types of air-conditioning system in offices in Tokyo: centralized, 
individual, or both, as has been explored in the previous section. 

 

Figure 10 Classification of air-conditioning system (Kikuchi, 2000) 

Individual air conditioning is the type that allows control to turn on / off, switch between air 
conditioning and heating, and adjust the temperature for each floor or room. Heat sources 
are distributed and installed on each floor or zone. Most medium and small office buildings 
use this individual air conditioning system. 

On the other hand, central air conditioning, as the name suggests, is the type that is centrally 
controlled in the central control room. The heat source is placed in one place (such as the 
machine room in the basement or rooftop). Most large office buildings with more than 300 
tsubo per floor are equipped with central air conditioning. 

Although rare, there are large office buildings with individual air conditioning. In some cases, 
central air conditioning and individual air conditioning are used together, usually by 
installing individual air conditioning later in a building where only central air conditioning was 
originally installed (Officee, 2018). 

2.2.3 Energy Consumption and Energy Price 

A comprehensive study has been conducted by Xymax Real Estate Institute about energy 
consumption and energy cost of around 100 office buildings in the Greater Tokyo area since 
2010. In the following graph from the same study, energy consumption and energy cost are 
converted into indices, with figures as of December 2010 set at 100. 
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Figure 11 Tokyo’s Office Building Energy Consumption & Cost (12-month average)(Xymax Real 
Estate Institute, 2020a) 

The energy consumption in 2019 has decreased by 25 points in comparison to 2000, whereas 
the price per unit has increased by 22 points. As of the number, the average energy 
consumption in 2019 was 125.0 MJ/sqm/month (1,500 MJ/sqm/year)2, whereas the average 
unit price in 2019 rose 0.01yen year on year to 2.05 yen/MJ.  

2.2.4 Thermal Comfort 

With the aim to use as little energy as possible to achieve thermal comfort, the adaptive 
comfort model shall be used. Since Japan does not have adaptive comfort standards and 
the ASHRAE standard-55 does not include applicable data for Japan, the writer resorts to 
journal paper to gain insights about the comfortable temperature in office buildings in Tokyo. 

An adaptive model for thermal comfort in offices in Tokyo & Yokohama (Greater Tokyo) has 
been studied, where a total of 4660 samples were collected from about 1350 people: they 
were found to be highly satisfied with the thermal environment in their offices. Even though 
the Japanese government recommends the indoor temperature setting of 28°C for cooling 
and 20°C for heating as an attempt to save energy, the comfort globe temperature was 

 

2 The energy consumption calculated is the primary energy based on the following coefficients: 
Electricity: 9.76 MJ/kWh, City gas: 45 MJ/m3, Cold/hot water, steam: 1.36 MJ/MJ  
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found to be 2.6°C lower in cooling mode (25.4°C) and 4.3°C higher in heating mode 
(24.3°C), in line with actual indoor temperatures. When neither heating nor cooling was 
used, the comfort temperature was 25°C (Rijal et al., 2017). 

Another paper that specifically studies thermal comfort from 435 occupants and 2402 
questionnaires in the summer of Tokyo has concluded that the occupants’ comfort 
temperature was found to be 27.2°C (Indraganti et al., 2013). Another interesting point 
made in this study was: “The indoor airspeeds were low, indicating a need for ceiling fans. 
In 50% of the environments, the indoor temperature was more than the 28°C limit. As the 
buildings were designed for air-conditioning mode, running them in natural ventilation mode 
posed challenges”. This raises the fact that many office buildings in Tokyo were not designed 
for natural ventilation in mind. 

2.2.5 Indoor Air Quality 

In recent years, in order to improve the efficiency of heating and cooling that leads to 
energy saving, ventilation tends to be insufficient due to tighter number of airtightness. 
Moreover, new building materials that contain chemical substances e.g. printed plywood 
have been used, causing indoor air pollution since the 1990s (Wikipedia, 2020c).  

For “Specific Building”, or in Japanese called Tokuteikenchikubutsu（特定建築物）, which is 
defined by the total floor area and building’s function, Air Environment Measurement is 
mandated under the Building Hygiene Management Law. For office buildings, it is a Specific 
Building if the total floor area is 3,000 m2 or more (Ito, n.d.). Below are the standards.  

Table 6 Standards for air environment when air conditioning equipment is installed (MHLW, n.d.) 

Dust 0.15 mg / m3 or less 

CO 10 ppm or less 

(* if the outside air is already 10 ppm or more, 20 ppm or less) 

CO2 1,000 ppm or less 

Temperature 17°C - 28°C  

When the temperature in the living room is lower than the temperature 
of the outside air, the difference should not be significant. 

RH 40% - 70% 

Wind speed 0.5 m/s or less 

Formaldehyde 0.08 ppm or less 

(for new buildings & large-scale renovations, conduct measurement at 
least once between June & September) 

 

2.2.6 Green Building Regulation 
Tokyo has implemented 3 programs that support sustainable building policy within the city. 
For existing buildings, the programs are divided into 2 depending on the scale: Tokyo Cap-

https://ja.wikipedia.org/wiki/1990%E5%B9%B4%E4%BB%A3
https://ja.wikipedia.org/wiki/1990%E5%B9%B4%E4%BB%A3
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and-Trade Program and Carbon Reduction Reporting Program, whereas for new buildings, 
Green Building Program is applicable, as shown in the figure below.  
 

 

Figure 12 Three programs supporting sustainable building policy in Tokyo (Tokyo Metropolitan 
Government, 2019) 

1. Tokyo Cap-and-Trade Program 
Applicable to existing large3 facilities, this program 
is a mandatory reduction program designed to 
reduce total CO2 emission levels in Tokyo, targeting 
factories and commercial facilities, including 
office buildings. These facilities are required to 
reduce their emissions by themselves or through 
emissions trading. For facilities demonstrating 
outstanding performance in emissions reduction as 
well as in the introduction, use, and management 
of energy-efficient equipment are certified as top-
level facilities that receive lower compliance 
factors according to their rate of progress. 
There are only 4 buildings for “Top Level” and 2 
buildings for “Near-Top-Level” of Category I for 
office buildings in FY 4  2019 (Tokyo Metropolitan 
Government, 2020). 

 

3 Facilities which annual energy consumption is greater than 1,500 kL crude oil equivalent 
4 Fiscal Year (FY) in Japan starts from 1 April until 31 March the next year. 

Figure 13 Illustration of Cap-and-Trade 
Program (Tokyo Metropolitan 

Government, 2019) 
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Figure 14 Tokyo Cap-and-Trade Program design (left) and Top Level Facility certification example in 
an office building (right) (Tokyo Metropolitan Government, 2019) 

2. Carbon Reduction Reporting Program 
This program applies to the 160,000 buildings of existing small and medium facilities that are 
not covered by Cap-and-Trade program, which account for approximately 60% of the total 
of the combined industrial and commercial sectors in Tokyo, underlining the importance of 
reducing emissions from this group.  

 

Figure 15 Illustration of Carbon Reduction Reporting Program(Tokyo Metropolitan Government 
Technology Council, 2017) 
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First introduced in 2010 to encourage owners of small and medium facilities to identify their 
CO2 emissions and implement energy efficiency measures, in FY 2020, TMG will evaluate and 
publicize businesses with excellent reduction performance or with great efforts to introduce 
renewable energy, in the hope to motivate other businesses to take action. Using the data 
from the submitted the reports, TMG provides Low Carbon Benchmarks to see their 
performance; self-rating of emission levels compared to the same business type and a 
Carbon Report that depicts energy efficiency levels in an easy-to-understand format. 

  

Figure 16 Low Carbon Benchmark example (left)and Carbon Report example (right)(Tokyo 
Metropolitan Government Technology Council, 2017)  

3. Green Building Program 
Applicable to newly constructed/expanded buildings with a total floor area of 2,000 m2 or 
more (mandatory if the total floor area exceeds 5,000 m2)), this program aims to improve the 
environmental performance of new buildings and to create a real estate market where 
greener buildings are valued more.  
From FY 2020, TMG has expanded the program coverage and introduce ZEB (Net Zero 
Energy Building) Evaluation as a higher rank than the current highest one to assess the 
energy efficiency of building equipment. 
 

 
Figure 17 Green Building Program’s item assessed (left) and how it looks on TMG’s website (right) 

(Tokyo Metropolitan Government Technology Council, 2017) 
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 Earth, Wind, and Fire 
This chapter is co-written by 2 other colleagues: Shriya Balakrishnan and Yamini Patidar. The 
writer’s name is written next to the title of the sections. 

3.1 CONCEPT 
3.1.1 Introduction (S. Balakrishnan) 

The Earth, Wind and Fire system is a concept which uses the driving forces of nature to 
control the indoor climate of the buildings. It utilizes the environmental energy of earth mass, 
wind and sun to generate and supply energy throughout the building by eliminating the use 
of HVAC systems, thereby minimizing the total energy consumption of the building and 
providing a healthy and productive working environment (B. Bronsema, 2013). This system 
eliminates the need of an air handling unit, the building functions as a “Climate Machine” 
with the help of 3 Responsive Building Elements (RBE): The Climate Cascade, Solar Chimney 
and Power roof 3.0 (initially called  Ventec roof) (Ben Bronsema et al., 2018). It has been 
designed for office buildings in the western European climate. The application of the 3 RBE’s 
will be explained in the following sections.  

3.1.2 Utilization of Environmental Energy (Y. Patidar) 

Utilization of environmental energy is an essential strategy to reduce the operational energy 
consumption of the building and for achieving energy-neutral goals. The Earth, Wind & Fire 
research focuses on passive, active and hybrid systems for the utilization of environmental 
energy in integrated building concepts (B. Bronsema, 2013). 

Earth 

The EWF system utilizes Earth mass through: 

 Gravity that causes the water sprayed at the top of the climate cascade to fall down. 
The momentum of these drops is partially transferred to the air. The suspension of air 
and water creates a greater density of the air inside the climate cascade as 
compared to dry air. 

 Earth as a source for heating and cooling and for heat/cold storage.  

Wind 

The EWF system exploits wind through: 

 Active energy generation using wind turbines installed in the overpressure chamber 
of the Ventec roof. 

 Wind-driven natural ventilation utilizing the wind pressures for the movement. Climate 
Cascade provides the supply of Ventilation air using the positive wind pressure 
whereas the air is extracted via the Solar Chimney utilizing the negative wind 
pressures. 
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Fire 

In the Earth, Wind & Fire concept, Fire is used as a metaphor for sun utilizing solar energy 
through: 

 Active system in the form of Solar chimney and solar facade and the use of PV foil on 
the Ventec roof 

3.1.3 Application of EWF (S. Balakrishnan) 

The air is supplied throughout the building by the climate cascade. The air enters the building 
via an overpressure chamber and is supplied to the climate cascade. In the climate 
cascade, the cold water in the water sprinkler is sprayed on the incoming air at a 
temperature of 13°C (Ben Bronsema et al., 2018). Due to the reduced temperature of the 
water droplets, the air is cooled down to approximately 18°C in the summers and the air is 
preheated to approximate 7-8°C in the winters (Ben Bronsema et al., 2018). The cold water 
is supplied to the top of the climate cascade with the help of a Thermal Energy storage 
system located underground. The water droplets in the sprinkler form a heat exchanger with 
a large surface area which enables the system to generate temperature differences 
between water and air (Ben Bronsema et al., 2018). This heat exchanger produces pressure 
at the base of the cascade which is used to supply the cooled/warm air throughout the 
building via the supply shaft. 

The water droplets absorb the particulate matter and the pollutants of the outside air which 
improves the air quality of the supplied air. During summers, the air is comparatively dry due 
to condensation of water vapour on the cold-water droplets and in winters, the air is 
humidified again. 

 

Figure 18 Earth, Wind and Fire Natural Air Conditioning system (B. Bronsema, 2013) 
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The used air from the building is extracted by a shunt/exhaust shaft which is connected to 
the solar chimney at the bottom. The solar chimney is a structural shaft which consists of solar 
panels and insulating glass facing the south in order to capture maximum solar radiation. 
The air in the solar chimney is heated up which pulls the air from the base of the exhaust 
shaft. The heat from the exhaust air is recovered at the top of the solar chimney by a heat 
recovery system. This heat is either supplied to the building or transported to the ground to 
restore the thermal balance and the used air is exhausted from the top (roof) (Ben Bronsema 
et al., 2018). In order to maintain the air circulation, auxiliary fans are installed which operate 
on the basis of energy generated by the solar panels on the roof and in the façade of the 
solar chimney (Ben Bronsema et al., 2018). 

3.1.4 Calculation and Simulation Method (S. Balakrishnan) 

The research and practical implementation of the solar chimney, climate cascade and 
ventec roof were developed according to modelling, simulation and method validation 
methodology (B. Bronsema, 2013). The research followed the following procedure: 

 

 

Figure 19 Calculation and Simulation process (B. Bronsema, 2013) 

Basic modelling 

The basic modelling process included simple detailed calculation models which helped in 
developing the first impressions of the feasibility and potential of the applied concept (B. 
Bronsema, 2013). The scientific and technical data required to perform these calculations 
were derived from Installation Technology Manual (ISSO 2002), the Taschenbuch für Heizung 
+ Klimatechnik, ASHRAE Handbooks Fundamentals (ASHRAE 2001) and HVAC Systems and 
Equipment (ASHRAE 2000) (B. Bronsema, 2013). The mathematical formulas derived from the 
manuals were converted into MS Excel calculation model to make the process more 
dynamic and user friendly. The basic modelling provided insight into the underlying 
phenomena of heat transfer and flow and how they work together. This stage revealed 
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many uncertainties showing the need for advanced calculation tools and methods (B. 
Bronsema, 2013). 

Numerical flow modelling with CFD 

The numerical values in the excel calculation model were derived from the CFD simulation 
model. In this stage, flow models were developed into virtual prototypes which provided 
details of heat transfer and flow patterns at a micro-level. The CFD model helped in 
analyzing the physical effects of heat transfer and wind flow without building a physical 
prototype of the responsive building elements (B. Bronsema, 2013). 

Dynamic simulation with ESP-r 

The excel calculations and CFD simulations were used for calculating and designing the 
solar chimney and climate cascade under stationary conditions. In order to study the 
dynamic behaviour and annual estimates of the energy performance of the RBE’s, dynamic 
simulation model ESP-r was used (B. Bronsema, 2013). ESP-r is an integrated energy modelling 
tool for the simulation of the thermal, visual and acoustic performance of buildings and the 
energy use and gaseous emissions associated with environmental control systems (B. 
Bronsema, 2013). The climate cascade and the solar chimney were modelled in the ESP-r 
model using thermal and flow networks which simulated the heat and mass flow of the two 
networks together. 

Validation by measurements in a physical examination model 

Based on the results revealed from the excel calculation and CFD simulation models, a 
physical prototype of the solar chimney, climate cascade and ventec roof was developed. 
This physical model was a scale model which helped in dealing with real-time issues and 
could be monitored reliably. Based on the input data from the calculations, the physical 
models were tested and the results from the physical model were used as an input to 
calibrate and validate the excel calculation, CFD and ESP-r models. 

3.2 ELEMENTS 
3.2.1 Climate cascade (Y. Patidar) 

The Climate cascade is the heart of the Earth, Wind & Fire system which utilizes gravity for 
cooling, heating, drying and humidifying the ventilation air, designed as an architectural 
shaft (B. Bronsema, 2013). Climate cascade plays a crucial role in achieving the desired 
indoor temperature. In comparison to traditional cooling batteries, climate cascade offers 
various advantages as highlighted by Bronsema, such as: 

 High heat transfer coefficient between falling water and air to be treated. The 
temperature difference between air and water can thus be minimal. 

 The climate cascade not only cools or warms the air but is also suitable for air 
treatment in all seasons, such as humidification. 

 Air filtering is not required. 
 Through varying the spray spectrum, the cooling surface can be increased or 

decreased. 
 No air-side resistance.  
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Climate cascade thus plays an important role in achieving the goal of energy-neutral 
building.  

Providing a good indoor climate is an important design criterion for Climate Cascade which 
can be divided into thermal comfort and productivity (for office buildings). 

1. Climate cascade for diabatic cooling 

In an adiabatic system, no heat is supplied or removed and the air enthalpy remains 
constant whereas, for a diabetic change of state of a thermodynamic system, it 
becomes heat exchanged with the environment. With the diabetic process in the 
climate cascade, the heat is removed by the supply of chilled water which absorbs heat 
and moisture from the air, causing the air to be dried and cooled and the water 
temperature to rise (B. Bronsema, 2013). 

Temperature trajectory 

A climate cascade can be considered as a direct flow heat exchanger where air and 
water are in direct contact such that not only heat transfer but also mass transfer can 
take place. With the diabetic process in the Climate cascade, the heat is absorbed 
from the air and is transferred to the water, causing the air to be cooled down and rising 
the temperature of the water.  At the inlet, the air is cooled from the cooling water of 
13˚C and dried to the outlet condition of 17˚C with 90% RH. After absorbing the moisture 
in the room, the maximum room condition of 25˚C at 60% RH is reached (B. Bronsema, 
2013). 

The water/air factor 

The ratio of mass flow of water and air in the climate cascade is an important aspect to 
determine the energy use of the spray pump.  

2. Basic modelling 

The basic modelling of the climate cascade is done using the excel model developed 
during Ben’s PhD. Before modelling and doing calculations, it is important to understand 
a few parameters as briefly described below. The mathematical equations used for the 
calculations are elaborated in the Appendix. 

Climate cascade as a heat exchanger 

The heat transfer is represented by the equation: 

 

Where, 

Φ = Heat transfer from air to water which is equal to the required enthalpy change of 
air. 
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A= Active surface of the climate cascade determined by the cumulative area of the 
water droplets, product of the number of droplets formed per unit of time and its 
duration of stay. 

h = Heat transfer coefficient  

θm- θ∞ = Temperature difference between water (θm) and air (θ∞)  

Pressure build-up in the climate cascade 

The Climate Cascade not only ensures that the ventilation air is conditioned, but also 
shows a positive pressure difference for the air distribution in the connected building. This 
pressure difference is created by the generated aerodynamic draft, the hydraulic draft 
and the downward thermal draft (B. Bronsema, 2013). 

The required spray spectrum is mainly determined by the required cooling performance. 
In higher buildings with a longer contact time between water and air, it is possible with 
a coarser spray spectrum. The heat transfer in a Climate Cascade is proportional to the 
heat transfer coefficient with the active surface and it increases with a finer spray 
spectrum with a smaller drop. A choice should therefore be made in order to realize the 
greatest possible heat transfer for the finest possible spray spectrum (B. Bronsema, 2013). 

3.2.2 Solar chimney 

Two things are harvested in the solar chimney: the natural flow of exhaust for ventilation and 
the collected heat. 

 

           

Figure 20 Principle of Solar Chimney (B. Bronsema, 2013) 
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Referring to the above figure, a is a solar chimney with Trombe wall and b is a solar chimney 
with a light inner wall. As the energy performance of the latter is better, b is the chosen type 
for further modelling. 

1. Glass wall 

The glass wall of the solar chimney has been chosen such that can yield the best 
energy performance: highest possible g-value for maximum transmission of the solar 
radiation and lowest possible U-value to limit the heat loss.  

2. The absorber 

The surface of the inner wall, the absorber, must maximize the solar radiation 
absorption and lose as little through emittance. These properties are expressed as the 
absorption factor α and the emission factor ε respectively; at equal wavelength λ 
these are equal to each other; in formula: 

𝛼𝛼𝜆𝜆 = 𝜀𝜀𝜆𝜆 

In which 

𝛼𝛼𝜆𝜆 absorption factor at wavelength λ [-] 
𝜀𝜀𝜆𝜆 emission factor at wavelength λ [-] 

 

It is impossible to combine high absorption within the same wavelength range low 
emissions. This is possible for a spectrally selective surface. Using Planck’s law to 
calculate the emittance of a black body Mλb at wavelength λ: 

𝑀𝑀𝜆𝜆𝜆𝜆 =
2𝜋𝜋ℎ𝑐𝑐2

𝜆𝜆5
∙

1
eℎ𝑐𝑐 𝜆𝜆𝜆𝜆𝜆𝜆⁄ − 1

 

In which 

𝑀𝑀𝜆𝜆𝜆𝜆 emittance at wavelength λ [W.m -2] 
ℎ Planck's constant = 6.62 x10-34 [Js] 
𝑐𝑐 speed of light [m.s -1] 
𝑘𝑘 Boltzmann constant = 1.38 x10-23 [JK -1] 
𝜆𝜆 wavelength of the radiation [μm] 

 

With the temperature of the sun and solar chimney at 6000 K and 320 K respectively, 
the relative emittance of the sun and the solar chimney have been calculated as 
follows. 
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Figure 21 Relative emittance of the sun and the solar chimney (B. Bronsema, 2013) 

A solar chimney should ideally be provided with a spectrally selective one absorber 
with the highest possible average absorption factor in the spectrum λ <3 μm, and the 
lowest possible emission factor in the spectrum λ> 3 μm. Materials that meet this 
requirement have been developed for solar thermal collectors and are commercially 
available.  

3. Insulation 

The inner walls of a solar chimney must be insulated to limit heat loss. The height of 
the solar chimney, the airflow and the width/depth ratio are important parameters to 
determine the thickness of the insulation.  

4. Optimal orientation 

In order to optimize the energy performance of the solar chimney, it is important to 
choose the orientation with the most solar radiation. In the Netherlands, south 
orientation is optimal, also partly due to the fact that winter solar radiation has a 
higher economic value than that in the summer. 

5. Morphology 

For a stable thermal draft in the cooling season, the average chimney temperature 
during operating hours should be above the outside temperature as much as 
possible. To ensure this, 4 types of morphology has been analyzed. 
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Figure 22 Four types of solar chimney (B. Bronsema, 2013) 

The facade model (a) is located within the building with the glass wall in the facade 
line. An orientation to the South provides the greatest benefit. This model has a good 
energetic performance, but due to the one-sided orientation, the thermal draft is not 
stable during the day. 

The multiple SE / SW oriented pyramid model (b) is a simple and effective one solution 
for the energy yield and stability of the thermal draft. In this configuration, two 
separate solar chimneys are connected in parallel to one shunt channel. 

The trapezoid model (c) is a variant of the pyramid model. By adding a plane south-
facing benefits from the high radiation intensity at this orientation. 

The angular model (d) can also collect solar radiation at multiple orientations. A SE / 
SW orientation provides reasonably stable solar radiation for much of the day. For 
buildings with North / South orientation can also be executed as a twin model on 
both corners of the south facade. 

There are many other possibilities for the architectural integration of a solar chimney 
in buildings, including the combination with an (emergency) stairwell. 

6. Solar façade 

A solar façade is a solar chimney covering the façade, which mainly consists of 
windows that form a direct connection with the outside. The effective surface, and 
thus the energy performance of the Solar Façade is determined by the size of the 
window openings. Several conflicting factors are in play e.g., daylight, cooling load, 
view, costs, and architectural expression. It is therefore an optimization issue based 
on various other variables that must be solved on a project basis. 

7. Shunt channel 

The thermal draft of a chimney is proportional to its height. If the extraction ducts on 
the floors would be connected directly to the solar chimney, the available draft for 
the higher floors is getting smaller. To ensure that the negative pressure conditions for 
all floors are approximately the same, a shunt channel is required, shown in (a) below. 



PAGE 30 

It also allows for heating recovery to be used outside the operating channel, shown 
in (b) below. 

 

Figure 23 Principle of air extraction and recirculation via shunt channel (B. Bronsema, 2013) 

3.2.3 Ventec roof (Y. Patidar) 

The Ventec roof utilizes positive wind pressures for the supply of ventilation air to the building 
via an overpressure chamber and the Climate Cascade. Negative wind pressures are used 
to extract used ventilation air from the building through the Solar Chimney and a Venturi 
ejector. Overpressure chamber and venturi ejector are important components for the 
supply and extraction of the air and are described below. 

Overpressure chamber  

On the windward side, using the roof overhangs ventilation air is collected and through the 
positive wind pressure air is transferred to the pressure chamber. The magnitude of the thrust 
is determined by the local wind speed and the wind pressure coefficient on the relevant 
facade section. Both normally have the highest value at the top of a building where the air 
quality is also optimal. The expected wind pressure coefficient at the edge of the roof is 
approximately 0.8. With a moderate wind of 3 - 4 Bft, wind speed 5 - 8 ms-1, overpressures 
are to be expected at 12 - 32 Pa. 
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Figure 24 Schematic plan of the overpressure chamber (B. Bronsema, 2013) 

The figure above shows a schematic plan of the overpressure chamber with (1) roof over-
cuttings, (2) building facade and air dampers (3)A coarse filter (4) keeps out insects and 
coarse dirt and also serves to protect any electrostatic filter (5). Furthermore, the Climate 
Cascade (6) and the mouth of the Solar Chimney (8) in the Venturi ejector (7).  

Venturi ejector  

The Venturi ejector is the outlet of the central extraction system in the Ventec roof and is also 
formed by the Solar Chimney and the heat recovery system. The pressure loss of the 
extraction system must be compensated by the thermal draft of the Solar Chimney.  

A Venturi is a system for speeding the flow of the fluid, by constricting it in a cone-shaped 
tube. In the restriction, the fluid must increase its velocity reducing its pressure and producing 
a partial vacuum. The Earth, Wind & Fire concept makes use of this principle through the to 
guide wind through a constriction and to make use of the under-pressure generated. 
Because the venturi gets here used in an open system, it is hereinafter referred to as pseudo 
venturi. 

3.3 INTEGRATION CRITERIA 

EWF Design Manual has been developed by Peter Swier in 2015, who is also an alumnus. His 
graduation thesis is studied especially for the integration criteria that will be the base for 
choosing the case study building in Tokyo for this paper. The integration criteria, for the 3 
elements of EWF, will be briefly elaborated in 2 categories: Compulsory and Additional. 
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Figure 25 Illustrations of EWF Integration Criteria(Swier, 2015) 

3.3.1 Compulsory 

Boundary conditions that lead to an expulsion of a building for EWF integrated are described 
as compulsory, as follows: 

 The building has to be preferably higher than its surroundings in order to make the 
Power Roof 3.0 work properly 

 No load-bearing façades or walls 
 Has sufficient load-bearing capacity for any additional installations i.e., Power Roof 

3.0 (Solar chimney can have a separate load-bearing structure) 

3.3.2 Additional 

Boundary conditions that might need optimization when EWF is implemented is described 
as additional, as follows: 

 Space availability and the most potential position of the EWF elements 
 The building height should preferably be over 15m in order to gain sufficient pressure 

differences for the Climate Cascade and the Solar Chimney 
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 Possibility to add floors on top of the building, when the 15m building height is not 
achieved 

 Enough space in free floor height. If the free floor height is too low, façade ducts 
should be considered to optimise the airflow. 

 Enough available vertical shaft space. This influences the location of the climate 
cascade and air distribution ducts 

 Sun and wind study should be conducted and the possibility of cold and heat storage 
should be researched 

3.4 EWF CASE STUDY: THE FOUR ELEMENTS HOTEL 

Initially named Breeze Hotel, this 11-story building with 198 ‘zero-energy rooms’, 6 suites, and 
a total floor area of 9.343 m2, is the pioneer to use EWF in the world. The building is developed 
by Amstelius/Dutch Green Company in association with Borghese Real Estate, with OZ 
architect as the project’s architect. The building with its height of 36 meters, consists of the 
following main elements; a solar chimney, a climate cascade and a power façade (OZ 
Architect, 2019). 

   

Figure 26 Left to right: View from IJmeer Lake, 2 Solar Chimneys on the south façade, a huge 
balcony of the sky-bar on the north facade (OZ Architect, 2019) 

 The EWF here works as follows: 
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Figure 27 EWF Concept in the Four Elements Hotel (Heirbaut, 2019) 

The twin solar chimney on the south façade (each 0.65m deep, 3.5m wide) collects heat 
from the sun. As the air heats up, the weight decrease, causing the warmed air, that can 
reach 60°C, to ascend in the solar chimney. At the top, the air reaches a heat-recovery 
system to capture the heat from exiting air to be stored in the underground thermal energy 
storage. The annual thermal energy yield of the twin solar chimneys is estimated to be 101 
MWh (Pearson, 2019). 

The captured heat stored in water underground can be used as pre-heated water to then 
be sent to a heat pump to raise its temperature for domestic hot water (DHW). There is a 
10,000-litre DHW storage tank on the 10th floor (Pearson, 2019). 

To replace the stale air that has been exhausted 
through the solar chimney, fresh outside air enters 
the building from the top of the climate cascade. 
Here, the air is cooled/heated and dried/ 
dehumidified depending on the season, by 9 water 
sprays attached to the top of the shaft. The water is 
extracted from boreholes that extract water at a 
relatively constant temperature of 13°C throughout 
the year. In summer, the water sprays can cool 
outside air from 28°C to 18°C, and can clean the air 
by scrubbing particulates from the air. The spray 

Figure 28 The 9 water spray heads of the 
Climate Cascade at The Four Elements hotel 

(Heirbaut, 2019) 
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water is collected at the base of the climate cascade and pumped through a water-
treatment installation for reuse. As the air cools down, the weight increase, causing it to sink 
to the bottom of the climate cascade, increasing the pressure. This causes fresh air to move 
to the rooms. In winter a heater battery installed at the base of the cascade helps raises the 
temperature before being supplied to the rooms (Pearson, 2019).  

This way, the supply and exhaust of ventilation air are happening naturally. However, both 
systems are fitted with axial fans to assist the airflow when necessary. As for temperature 
control, a fan coil unit enables guests to control the temperature and airflow rate in their 
room. The system is also designed to revert to an energy-saving condition when guests leave 
their room (Pearson, 2019). 

When compared to the conventional air-conditioning, the EWF system integrated into the 
Four Elements hotel brings the following into perspective. 

Table 7 EWF concept in perspective (Ben Bronsema et al., 2018) 

Aspect Traditional AC EWF Natural AC 

Space requirement plant-room 2 AHU’s 220 m² (EN 13779) 
 

50 m² 
 

Cross-section of shafts 
Air velocity 

2,5 m² 
≈ 6 m.s-1 

2,5 m² 
≈ 3 m.s-1 

Energy consumption 
EU 1253/2014-SPFint-limit 

50 MWh.a-1 
0,8 kW.(m³.s-1)-1 

10 MWh.a-1 
 

Maintenance 
KISS factor - simplicity 

Very extensive 
low 

Little extensive 
high 

Average life span 15…20 years 
Mechanical facilities 

40 years 
Architectural facilities 

Construction costs 
Excluding solar chimney Neutral 

 

The writer talked to Bronsema who mentioned that the Ventec roof could not be realized 
due to unfeasible cost and was replaced by PV panels on the rooftop, the façade, and at 
the rear of the solar chimney for energy production. The annual electricity production is 
18,000kWh (Pearson, 2019). 

To experience the comfort of the EWF system, the writer spent a night in the bottom-left 
corner room on the south side of 8F in early December 2020. The incoming fresh air was very 
refreshing and comfortable, as it was not dry. However, the noise, possibly coming from the 
fan coil, was difficult to ignore.  
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3.5 OTHER CASE STUDY: MANITOBA HYDRO PLACE 

Although not named as EWF, the natural ventilation concept of Manitoba Hydro Place in 
Winnipeg, Canada, is undoubtedly alike, hence worth looking into. 

   

 

 

 

  

Figure 29 Manitoba Hydro Place’s façade, natural ventilation flow, and climate data (Wood & Salib, 
2008) 
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Consists of 2 converging 18-story office wings separated by a service core, the mass of 
Manitoba Hydro Place rest on a 3-story podium. The 2 office blocks face west and east-
northeast respectively, with north and south-facing atria fusing the two blocks together as 
shown in Figure 30 below.  

     

Figure 30 Left to right: Manitoba Hydro Place’s South Façade, water feature, the top of the solar 
chimney (Wood & Salib, 2008) 

The 3-stacked south-facing atria collect heat 
from the sun and incoming fresh air from 
southerly prevailing winds. This incoming air is 
humidified by a water feature that flows from 
the ceiling to the floor, 6-story high, a 
somewhat similar feature to EWF’s Climate 
Cascade. Fresh air then flows across the office 
spaces drawn by cross-ventilation and stale 
air is exhausted in the north atria solar 
chimney, as shown in Figure 29. 

In contrast to most North American office 
buildings, where approximately 80% of 
supplied air is re-circulated and only 20 % is 
fresh, Manitoba Hydro Place supplies 100 % 
fresh air. This is available throughout the year, 
regardless of outside temperatures, due to the 
highly efficient heat-recovery system. 
Achievement: 73% annual energy saving for 
heating/cooling when compared to a fully air-
conditioned Manitoba office (Wood & Salib, 
2008). 

Project data 
Location Winnipeg, Canada 
Year of completion 2008 
Function Office 
Building Scale 22 stories, 115 m 
Gross floor area 
(tower) 

64,567 m2 

Project team 
Design architect Kuwabara Payne 

McKenna Blumberg 
Architects 

MEP engineer AECOM 
Climate engineer Transsolar 
Climatic data 
Climate Cold 
Average wind speed 4.7 m/s 
Mean annual temp. 3°C  
Mean annual 
precipitation 

514 mm 

Average RH 69% (hottest months) 
77% (coldest months) 

Table 8 Manitoba Hydro Place’s Data Summary 
(Wood & Salib, 2008) 

 

  
   

    
  

      
   

 
  

  
    

  
 

   
   

  
  
     

     
  

 
  

     
   

        
    



PAGE 38 

 

Figure 31 Manitoba Hydro Place’s environmental strategy in a glance (Wood & Salib, 2008) 
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 Building Selection for Case Study 
Through desktop research and contact with the Japanese network that the writer has, the 
following 3 candidates have been chosen, following the criteria mentioned in 2.2.3. 

4.1 BUILDING STOCK REPRESENTABILITY 

In addition to what has been explained in 2.2 Office Typology, the majority of office buildings 
in Tokyo is Small & Medium size, visibly with not much space available around the building.  

The focus will be given to Medium size office buildings, which is defined as having a total 
floor area of more than 3,000 m2 and less than 20,000 m2, in consideration of construction 
feasibility and similarity to the Four-Elements Hotel building. 

 

Figure 32 Google Map Satellite View of Tokyo 

Moreover, although it is ideal to look for building with space in its surrounding for the 
possibility to add the EWF elements outside their building footprint, the writer had difficulties 
in finding one, as Tokyo is notorious for its space limitation, which is well-visible from Google 
Map, shown above. Thus, the focus will be given to buildings with not much space, as it is 
believed to be more representative of Tokyo’s office building stock. 
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Figure 33 Building Stock Representability 

4.2 BUILDING CANDIDATES 
4.2.1 NK Building 

This building has been designed with energy-saving in mind, hence the use of LED lighting 
and PV panels on the roof during the design stage, although the PV panels were cancelled 
at the end. Despite the limited space, the architect still strives to put soothing bamboos and 
other green elements within the building, giving the user’s comfort a priority.  

With limited room to play around the site for the addition of EWF elements, this building seems 
to be a good representation of a modern medium-size office in the heart of Tokyo’s business 
area. 

Table 10 NK Building data 

Location 1-16-3 Nihonbashi, Chuo-ku, Tokyo 

Date of completion 2016 

Total floor area 5,116.39 ㎡ 

Typical floor area 391.30 ㎡ / 118.37 tsubo 

Structure Steel structure, with vibration damping 

Building scale 1 basement floor, 10 floors above ground 

Air-conditioning Individual air-conditioning 

Design Flying Pumpkins & Team FP 

 

Small & 
Medium, 

92%

Building Stock

Large 20 years or older Less than 20 years

Space Availability

With Space

Without Space

https://officee.jp/area/B2/c_nihombashi/
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Figure 34 NK Building: Façade, interior views, Google bird-eye view, and floor plan (Flying Pumpkins 
& Team FP, 2013) 



PAGE 42 

4.2.2 Acropolis Tokyo 

As it might not always be feasible to build the EWF elements within the existing building 
footprint, it would be nice to have an example of a building that has space around its 
perimeter.  

Table 11 Acropolis Tokyo building data 

Location 6-29, Shinogawamachi, Shinjuku-ku, Tokyo 

Date of completion 1994 

Total floor area 20,311.98 ㎡/ 6,144.37 tsubo 

Typical floor area 1344.93 ㎡ / 405.62 tsubo 

Structure Steel + RC structure 

Building scale 3 basement floor, 10 floors above ground 

Air-conditioning Individual air-conditioning  

Design Kajima Corporation 

 

 

Figure 35 Acropolis Tokyo Building: Outside view, Typical Floor plan, and Google bird-eye view 
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4.3 CONCLUSION 

From the 2 building candidates, NK Building and Acropolis Tokyo, NK building has been 
chosen as the case study because of the simplicity of the design, similarity in scale to the 
Four Elements Hotel, ideal for easy comparison, and due to its representability of Tokyo 
offices’ building stock and basic data availability. 

4.3.1 Case study building: Architecture 

Built in one corner in the Nihonbashi area, NK Building has only 2 open facades facing a busy 
road: southeast and northeast, adorned by traditional kimono’s-coloured vertical lamellae 
that also act as sun-shading, channelling the fact that the street had many kimonos shop in 
the Edo period. The northwest side is entirely blocked by a neighbouring building, which is 
where the service core is, whereas the southwestern facade has a neighbouring building 
about half the height, as can be seen in Figure 34. The focus of the study will be given to the 
office floors, which are from 3F-10F. There are 2 types of floor plans (20.5x26m) for the office. 

The Executive Office from 8-10F has 2 cut-outs rectangular bamboo garden.   

 

 

 

Figure 36 Two types of Office floor plan: Typical Office 3-7F & Executive Office 8-10F 
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Figure 37 Building sections: northwest-southeast (left) and southwest-northeast (right) 

There is an offset of 1.15 m deep from the curtain wall of the southeast and northeast façade 
until the end of the slab, where the lamellae are placed. 

4.3.2 Case study building: HVAC system 

The space heating, cooling, and ventilation system are handled by the same Variable 
Refrigerant Flow (VRF) with Heat Recovery and Dedicated Outdoor Air System (DOAS). VRF 
system is a relatively new and energy-efficient system (Wikipedia, 2021).  

Table 12 Existing HVAC Design Condition 

 

Summer Winter 
Dry-bulb 

temperature 
(°C) 

Relative 
humidity 

(%) 

Absolute 
moisture 
(kg/kg) 

Dry-bulb 
temperature 

(°C) 

Relative 
humidity 

(%) 

Absolute 
moisture 
(kg/kg) 

Outdoor 
condition 34.3 56.4 0.0194 2 28.9 0.0013 

Indoor 
comfort 26 50 - 22 40 - 
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 Methodology 
In addition to the fundamental literature research, a case study building has been chosen. 
Step-by-step design work is conducted for the integration of EWF. This case-study-specific 
design of the Solar Chimney and the Climate Cascade will be explored. This will be done 
using Excel static calculation model, to be elaborated in 5.1.2 and 5.1.3 respectively. The PV 
yield of the Power Roof will be briefly included in 5.2.  

Going hand-in-hand with the previous integration design, assessment in energy 
consumption and thermal comfort will be conducted after a complete integration design 
has been finished. This will be done using DesignBuilder dynamic simulation model, which 
method will be explained in 5.3. 

5.1 EXCEL CALCULATION 

The following is a step-by-step guide of using CC Excel & SC Excel, with the intention for the 
reader to also try along. Therefore, the input and output of Excel are discussed at the same 
time. 

5.1.1 Steps 

The duo of Climate Cascade (CC) and Solar Chimney (SC) will act as the lungs of a building, 
with the first supplies fresh air and the latter exhausting stale air. As a designer, it is important 
to know the size of CC and SC and how these two can be integrated into an existing building 
in a renovation project.  
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Figure 38 EWF Design Steps in a glance 

As this chapter focuses on the methodology, the Outcome part of CC Design Steps and SC 
Design Steps, as well as the Integration Steps will be summarized in the next chapter: Chapter 
6 EWF Applied to NK Building. 

5.1.2 CC Excel 

The importance of clean fresh air supply in buildings has become undisputable after the 
coronavirus pandemic. In EWF, this is the responsibility of Climate Cascade (CC). The 
calculation and analysis for CC is conducted using the provided Excel Model from Dr Ben 
Bronsema. Some modification (too many to be mentioned one by one) has been made by 
the writer to enrich the study and user-friendliness to the Excel Model (hereinafter referred to 
as “CC Excel”). Interested parties are advised to contact the writer or Dr Ben Bronsema. 

1. Climate Analysis 

The general climate analysis of Tokyo and its comparison with that of Amsterdam have been 
discussed in 2.1. For a more accurate analysis, hourly weather data was used. The process 
of using the Excel Model will be briefly explained below, step by step. The cells are colour-
coded in the following manner. 
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a. Ventilation User Profile tab 

This tab was added to define the amount of ventilation necessary following the 
number of people and/or ventilated space of the building. A 3-hour ventilation profile 
following occupancy rate in a day, starting from 00:00, 03:00, 06:00 and so on until 
21:00, is included to better visualize the ventilation amount, as a building is rarely 
occupied 100% in 24-hour.  

 

Figure 39 CC Excel: Ventilation User Profile tab 

After inputting the data under Condition and Building Functions, decide on the 
Occupancy based User Profile highlighted in green. Finally, make an educated 
assumption of the required pressure loss for the CC, in the selected cell in Figure 39 
also highlighted in green. In this paper, as the number of occupants of the study case 
building is unknown, the writer assumed 1 person/12 m2 for both Office and Shops, 
which cells are framed and bolded, a moderate condition considering the aftermath 
of a pandemic. The normal condition setting can also be seen here, just for reference 
and not used for further calculation in this paper. 

b. Climate Condition tab 

This tab was added to include hourly dry-bulb temperature for the whole year of the 
analyzed city. Following this, in the same tab, hourly data of various necessary data 
such as required pressures, gained pressure from EWF, fan energy, pump energy, etc. 
are calculated automatically. The light-blue-highlighted cells are referred to 
Occupancy based User Profile set in the previous tab. The general energy calculation 
i.e. fan energy, pump energy, heating and cooling energy (to condition the 
ventilation air in CC and NOT space heating/cooling) are also in this tab. 
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c. BB Beta Calculation Model tab 

This is the work of Dr Ben Bronsema, where the writer made copies of the tabs for each 
representative outdoor temperature – for Tokyo: T33, T30, T24, T18, T12, T6, T0, T-2, 
whereas for Amsterdam: T28, T24, T18, T12, T6, T0, T-2, T-10. The majority of the setting 
can be made in the hottest temperature tab, e.g. T33 for Tokyo, as can be seen 
below. 

 

Figure 40 BB Beta Calculation Model tab 

33°C has been chosen following the Tokyo design condition of ASHRAE 2017. 

d. Summary tab 

All the different temperature tabs are summarized here. Good to know that the 
regression equation used to calculate Gained Pressure, Outgoing Air Temperature, 
and Water Amount used in the Climate Condition tab are calculated in this tab. 
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e. Graphs tabs in orange 

These tabs show the result of the calculation in graphs, which can be seen in Figure 
67 and Figure 68 in Chapter 8. 

f. Other important things 

The purified air coming out of the CC has 100% RH most of the time. Thus, it is important 
to make sure that the air will not be too wet - to keep moisture level within the 
recommended value of 12g/kg. For this reason, the incoming air of CC In Tokyo is set 
at 16.5°C. 

 

Figure 41 Mollier diagram: 16.5°C as the highest possible comfortable temperature for 100% RH 

2. Design Parameter 

From CC Excel, it has become clear that the height of (the spray-heads of) CC (in most 
cases are the height of the building), the amount of ventilation, and outdoor temperature 
are the ‘fixed’ design parameter, considering it is a renovation project. However, the height 
of spray-heads can be lowered if there is more than enough pressure, as pump energy can 
be saved in this way. As a designer, 2 parameters need to be decided, as follows. 

a. Air velocity 

 

As space is limited, the CC in the case study building needs to be as small as possible 
while still providing enough pressure. 
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b. Water/air factor 

Defining the amount of water per air (kg/kg), the strategy is to use the lowest amount 
of water to achieve enough cooling on the hottest days. This is translated into the 
number of spray-heads in CC, as well as the Drop Size Distribution of the water 
droplets represented by the type of spray-heads. 

5.1.3 SC Excel 

The same way it takes two to tango, CC needs a partner to exhaust the stale air inside the 
building – Solar Chimney (SC) is here for that exact reason, plus a bonus performance of 
collecting heat at its top. The calculation and analysis for SC are conducted using the simple 
Excel Model from Dr Regina Bokel that is used to simulate ventilated cavity without sun-
shading. Modification has been made to the Excel Model (hereinafter referred to as “SC 
Excel”) by the writer to compare between 2 different climates more easily. 

1. Climate Analysis 

Hourly weather data of outside temperature and solar radiation are used in the SC Excel. 
Since the exhaust system will be centralized for the case study, duct work can be minimized 
and thus the necessary pressure is assumed as 25 Pa, where the yellow line is, below. 

 

Figure 42 Thermal Draft of SC in Tokyo in 2020 

From the graph above, it is clear that an auxiliary fan will be needed throughout the year 
for the SC to achieve enough pressure in Tokyo. 

2. Design Parameter 

From SC Excel, it is apparent that the height of SC (in most cases are the height of the 
building), the amount of ventilation, outdoor temperature, and solar radiation are the ‘fixed’ 
design parameter, considering it is a renovation project. The designer’s toolbox in SC is as 
follows. 
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1. Air velocity 

 

Although space is limited, the performance of SC is better (higher thermal draft and more 
collected heat) when the air velocity is lower. 

2. Orientation & material 

By instinct, the most optimum orientation of SC is towards the sun – as Tokyo is in the northern 
hemisphere: South. However, according to the performance study of the Four Elements 
Hotel’s SC, the thermal draft is much more dependent on the outside temperature than on 
the solar radiation. Thus, while South orientation is optimal, other orientations will work as well 
because the majority of total radiation is diffused from the sky.  

Regarding material, the criteria for the glass and the absorber has been explained in 3.2.2. 

5.2 POWER ROOF 

Achieving energy neutrality would not be possible without energy production. Power roof 
here is defined as Building-Added PV panels (BAPV) on the case study roof for electricity 
production. 

A quick and dirty simulation of the PV yield on the roof of the case study building was done 
using PVWatts® Calculator – the annual yield is 67,115 kWh/year. This is a very optimistic 
assumption, considering all the rooftop space of 390 m2 is used to place Premium Crystalline 
Silicone with anti-reflective coating and has 19% efficiency.  

Another simulation was done using Grasshopper script with the building simply modelled as 
an extruded block in Rhinoceros. This time, the existing roof plan is incorporated, carefully 
placing the PV panels where possible – a more realistic approach than the previous one. 
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Figure 43 PV Yield of NK Building simulated in Grasshopper 

DC system size is calculated as 22kW and 161m2 of PV area, with the array tilted at 15°. The 
calculated annual yield is 22,465 kWh/year. 

5.3 DESIGNBUILDER SIMULATION 

In addition to the calculation done in Excel, the energy consumption and thermal comfort 
of both the existing and with EWF will be simulated in DesignBuilder version 5.5.2.007 
(hereinafter referred to as “DB”).  

5.3.1 Construction 

For simplicity, the simulation is conducted for 1 office floor with both roof and floor in 
adiabatic condition.  

  

Figure 44 An Office Floor of NK Building Simulated in DesignBuilder 
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The floor is divided into 2 zone: Common Area and Open Office, separated by a partition 
wall. Only the Open Office is climatized in this model, thus the thermal and energy analysis 
is also only in this zone. 

There are 2 types of wall used in the model: Extruded Cement Panel (ECP) t:60mm, R-value: 
0.14 m2K/W used as an exterior wall for the West and North façade to imitate the actual wall, 
and ‘Lightweight curtain wall insulated to 2000 regs’ template in DB for the South and East 
façade, to assume the actual curtain wall which thermal data is unknown. 

No change in construction or façade refurbishment is planned as the building is relatively 
new, so only the HVAC system is changed in this simulation between Existing and EWF Design. 

5.3.2 Occupancy & Schedule 

Occupancy density is set as 0.2 people/m2 and a Schedule similar to that shown in Figure 
39, with no occupancy during weekends and holidays. 

5.3.3 HVAC system 

To simulate the existing system, a Detailed HVAC template of ‘VRF with HR and DOAS’ is 
used. On the other hand, simulating EWF in DB was proved to be tricky. In consultation with 
my 1st mentor and 2 other colleagues, EWF simulation in DB is simplified in this way: with 
Detailed HVAC, a new mechanical ventilation VAV with no reheat that supplies constant 
supply air of 16.5°C throughout the year, mimicking CC For the space heating and cooling, 
chilled ceiling with heated floor is added, assuming this to be the most energy-efficient way. 

 

Figure 45 DB-EWF: hourly temperature of Supply Air Outlet 

Even after several attempts, the temperature supplied to the room, simulating CC is not 
always 16.5°C, as shown above. Consider this when factoring the accuracy of the 
simulation.  
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 EWF Applied to NK Building 

6.1 CALCULATION OUTCOME 
6.1.1 CC Excel 

With air velocity of 3 m/s, the CC size is 1.08 x 1.08 m, as known from the BB Beta Calculation 
Model tab. For the case study, 6 scenarios have been analysed, summarized below. 

Table 13 Summary of 6 Scenarios Calculated in CC Excel 

 

Scenario 5, with a total of 12 spray-heads, is chosen as comfort is achieved with the least 
energy for heating, cooling, and pump. Although the outgoing air temperature is slightly 
higher than 16.5°C in the chosen scenario, low energy used is prioritized over comfort, as 
mentioned in 5.1.1. 

For maintenance and better performance of the CC (cooling capacity is better when the 
CC walls stay wet, 3 spray-heads will be located at the top (44 m) and the remaining 9 at 
half the height (22 m).  

6.1.2 SC Excel 

With an air velocity of 1.5 m/s, the SC size is 4 m x 0.65 m. Office hour in the following table is 
set as 8 am to 6 pm. On average, the designed SC in Tokyo only produce 7 Pa of thermal 
draft and 225 MWh of heat recovery during office hours, and 0.2 MWh of fan energy will be 
required during the same period. 
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Table 14 SC Excel Outcome 

 

6.2 DESIGN PRINCIPLE 
6.2.1 Energy Vs Thermal Comfort 

Referring to 2.2.4, the comfortable temperature in office buildings in Tokyo is concluded to 
be 26°C in summer (with cooling) and 24°C in winter (with heating). As the writer thinks that 
thermal comfort would be a luxury in the future if we fail to convert to renewable resources 
for our energy consumption in the built environment, energy consumption for a tolerance of 
2°C higher in summer (28°C) and 4°C lower in winter (20°C), following the Government of 
Japan’s recommendation, will be evaluated and compared.  When prompted, energy will 
be prioritized over thermal comfort. 

6.2.2 Shouchikubai (松竹梅) Pine-Bamboo-Plum Philosophy 

In Japan, Pine-Bamboo-Plum philosophy, or shouchikubai in Japanese, is commonly used in 
design, with Plum referring to the most basic, followed by Bamboo with some upgrades, and 
finally Pine as the most advanced design. However in this paper, the 3-level of design is not 
meant to give superiority to one over the other, but more to show the process of EWF 
integration from the most basic one (Plum), to a more complicated but also advanced 
design proposal (Pine).   

6.3 3 DESIGN PROPOSALS 
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6.3.1 EWF Design: Plum 

Intended as the most ‘play-by-the-rules’, basic integration of EWF into the case-study 
building, the SC is placed at the most southern corner, while the CC is placed on the 
opposite ends. Be reminded that the southwest and northwest of this building is adjacent to 
another building. 

                       

Figure 46 Plum Design Proposal 

  



PAGE 57 

6.3.2  EWF Design: Bamboo 

Adding the perspective of an architect that would like to infuse better aesthetic, space 
planning, and perhaps visual comfort as well, the following Bamboo designed is presented: 
the SC is separated into 2 smaller ones that are placed on the south-east façade in 
symmetry, harmonious with the existing architectural language. Moreover, the CC is still 
located on the opposite ends, this time occupying the existing duct space, thus the view 
from the office space will not be obscured. 

                             

Figure 47 Bamboo Design Proposal 
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6.3.3 EWF Design: Pine 

Finally, challenging the concept of having SC and CC next to each other to possibly 
incorporate a comparatively smaller Ventec Roof on the top is how the Pine design was 
initiated. For this, the most logical placement is on the centre of the southeast façade, as 
shown below. 

                             

Figure 48 Pine Design Proposal 

6.3.4 Chosen Design Proposal 

The 3 design proposals are then qualitatively analyzed, based on the following 6 categories. 
The evaluation adopted the commonly used 3 symbols in Japan: 〇 means good, ✖means 
bad, and finally △ means in-between, not exactly good or bad. 

1. Performance (Heat Recovery) 

All 3 design proposal performs the same way as the design parameters are the same. 
Regarding the performance of HR, it was initially thought the closer the distance between 
SC and CC, the better it would be. However, upon consultation with Dr Ben Bronsema, it was 
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concluded that when the ducts are well insulated, this difference in distance is negligible – 
hence all 3 designs are rated equally good. 

2. Material (quantity) 

The material used for ducts and its insulation is assumed here, with fewer equals to better 
evaluation. However, as there is no major difference in duct length among the 3 designs, all 
are rated equally good. 

3. Visual comfort 

Nothing is more frustrating when your hard-earned view from your working desk is blocked, 
even a little. With both SC and CC placed in the middle of the office, Pine is rated bad, 
whereas the other 2 options are rated not exactly good, as the view cannot be as good as 
when nothing is added. 

4. Maintenance 

Maintenance is simpler when the SC and CC are close to each other, as the equipment 
room can be placed in the same room. For this reason, Pine is rated good, while the other 2 
as not entirely bad. 

5. Space use 

When space is limited, the value becomes high. Bamboo is rated good because the CC is 
placed on the existing duct space, Pine is rated bad as precious office space has to be 
used for CC, whereas Plum is rated as so-so. 

6. Aesthetic 

Channelling the role of an architect, Bamboo is rated good as the SC can be integrated 
well into the symmetrical southeast façade. 

Table 15 Qualitative Evaluation of the 3 Design Proposals 

No. Category Plum Bamboo Pine 

  1 Performance (HR) 〇 〇 〇 

  2 Material (quantity) 〇 〇 〇 

  3 Visual comfort △ △ ✖ 

  4 Maintenance △ △ 〇 

  5 Space use △ 〇 ✖ 

  6 Aesthetic △ 〇 △ 

Bamboo is the chosen design as it has the best evaluation overall. 
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 Assessment 

7.1 PARAMETERS AND VARIATIONS 

The simulations are conducted following these 2 parameters: ventilation amount and 
comfort design setting, creating 4 different variations, as shown in the following table. This is 
done due to the simplicity (inaccuracy)of the created DB model, in order to have a better 
picture of how the parameters are affecting thermal comfort and energy consumption in 
the building. 

Table 16 DB Simulation: 4 Variations 

 

7.2 EXISTING 

The existing building uses individual air conditioning with EHP (Electric Heat Pump) + Humidity 
Control: multi-unit system with 1 outdoor unit per floor. The ventilation amount is 25 m3/h/ 
person. The comfort setting of the existing is as follows: in cooling mode dry-bulb temperature 
of 26°C and RH 50%, and in heating mode 22°C and 40%, as described in 4.3.2.  

7.2.1 HVAC setting 

For simulating the existing HVAC condition, the setting in DB is set as ‘VRF with HR and DOAS’, 
as follows. 
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Figure 49 DB-existing: VRF with HR and DOAS schematic 

7.2.2 Energy 

From the 4 different variations, the writer expects Variation 2 to use the least energy, and 
Variation 1 to use the highest energy, and the result came as expected. Heating energy is 
lower than cooling energy in all cases. The total energy consumption of the existing building, 
as simulated in DB are as follows. 

Table 17 DB-existing: Energy Consumption 

 

7.2.3 Comfort 

The majority has 100% comfort hours, which is good. In New Variation and Variation 2, the 
comfort for 26°C is only 76% and 74% respectively, as these two variations are the energy-
conscious setting with summer cooling set to 28°C.   

HR 

DOAS 
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Table 18 DB-existing: Comfort Percentage for Comfort Setting of 26°C and 28°C in a Year 

 

When we see the temperature distribution, the system seems to cool and heat the air rather 
fast, achieving the target comfort temperature most of the year. 

Table 19 DB-existing: Temperature distribution 

  

  
From top-left clockwise: Variation 1, Existing, New, and Variation 2. 

7.3  EWF DESIGN  

Different from the existing, the new design proposal will have the chosen EWF system as 
elaborated in the previous chapter that will handle the ventilation system, and climate 
ceiling with EHP is proposed for the space heating and cooling.  The ventilation amount is 
50 m3/h/ person. The comfort setting is as follows: in cooling mode dry-bulb temperature of 
28°C and RH 70%, and in heating mode 20°C and 30%. 

7.3.1 HVAC setting 

The EWF design is simulated in DB as ‘VAV no reheat + GSHP’, as follows. 
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Figure 50 DB-EWF: VAV no reheat with GSHP, underfloor heating, & chilled ceiling schematic 

7.3.2 Energy 

Again, as expected, Variation 2 consumes the least energy and Variation 1, the highest. 

Ground-source 
for heat & cold 

Heat Pumps: 

For space cooling & 
Heating 

AHU 

Air loop set point 
manager: 

Set as always 16.5 °C Chilled ceiling 

Underfloor heating 
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Table 20 DB-EWF: Energy Consumption 

 

7.3.3 Comfort 

All variations have 92% or above comfort hours for both 26°C & 28°C settings, which is good. 

Table 21 DB-EWF: Comfort Percentage for Comfort Setting of 26°C and 28°C in a Year 

 

Seeing the temperature distribution, the system seems to cool and heat the air rather slowly 
while achieving the target comfort temperature most of the year. This results in less 
temperature difference between indoor and outdoor temperature, causing no 
temperature shock compared to the existing and is potentially more energy-friendly. 

Table 22 DB-EWF: Temperature distribution 

  

  
From top-left clockwise: Variation 1, Existing, New, and Variation 2. 
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7.4 ENERGY NEUTRALITY & BENCHMARKING 

Regrettably, the new EWF design fails to achieve energy neutrality, with energy production 
by BAPV on Power Roof only roughly achieve 20-70% of the energy consumption per m2.   

Table 23 Energy-neutrality assessment 

 

Moreover, compared to the average energy consumption of office buildings in Tokyo as 
elaborated in 2.2.3 to be 1,500 MJ/m2/year of primary energy, neither the Existing nor the 
New design falls above the average, although the latter performs 4% better than the first. 

Table 24 Annual energy consumption per m2 (primary energy) assessment 

 

7.5  DISCUSSIONS OF RESULTS 
7.5.1 Existing 

In terms of energy, the existing system is assumed to have heating, cooling, and ventilation 
energy consumption of 2, 27, and 29 kWh/m2 respectively, whereas in terms of comfort, the 
comfort hour is 100% for both 26°C & 28°C settings. Considering the total primary energy is 
around 1700 MJ/m2, it is 12% above the average in Tokyo, which is unexpected since the 
building is relatively new and designed with sustainability in mind. 
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7.5.2 EWF Design 

In terms of energy, the new EWF design is assumed to have heating, cooling, and ventilation 
energy consumption of 10, 67 and 25 kWh/m2 respectively, whereas in terms of comfort, the 
comfort hours are 92% and 100% for 26°C & 28°C settings respectively. Considering the total 
primary energy is around 1600 MJ/m2, it is 6% above the average in Tokyo. 

7.5.3 Comparison of Existing system with EWF design 

When comparing the Existing building in its Existing variation, to the EWF Design in its New 
variation as elaborated in the previous sub-chapters, the new design of EWF, unfortunately, 
increases almost 5 times the heating energy and about 1.5 times of the ventilation energy 
but decreases the ventilation energy by almost 15%, thus still uses about ¾ more energy than 
the existing system, as summarized in ‘Old & New difference’ below. 

When comparing the two within the same variation to have a fair comparison, the 
difference of EWF Design compared to the existing one is summarized below. The average 
of the difference from all the different variations is summarized in ‘Average difference’: EWF 
design uses ¼ less ventilation energy, although more heating and cooling energy compared 
to the existing system. 

Table 25 Existing & EWF Design Comparison: Energy 

 

      

7.6  CONCLUSION 

It is indisputable that EWF, as a natural ventilation system, contributed to a reduction in 
ventilation energy compared to the existing system in the case study, without compromising 
thermal comfort.  On the other hand, heating and cooling energy increase in the EWF 
Design with underfloor heating as space heating and climate ceiling as space cooling. This 
seems due to the non-conventional (already energy-efficient) existing system that uses VRF 
on one hand, and could be due to the hot and humid temperature of Tokyo where only 
radiative cooling through climate ceiling might not be effective in quickly reducing the 
temperature while dehumidifying the air on the other end, hence the higher energy.  

Another important note is that the existing system already has Heat Recovery (HR) also 
included in the simulation in DB, whereas the EWF design does not (to be included as 
improvement in Chapter 9). This is believed to have caused major differences in energy 
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consumption between the 2 systems and is considered as the limitation of properly 
simulating EWF with HR in DB.  

In terms of comfort, EWF performs better than the existing system, with more than 92% of 
comfort hours in all scenarios. 

In terms of primary energy consumption, EWF performs slightly better, owing to the thermal 
energy storage as the source of cold. However, with the current condition, achieving energy 
neutrality is physically impossible without first reducing the energy demand. The first step 
would be to improve the thermal performance of the building envelope. Energy production 
is a challenge with the space limitation in Tokyo. A smart solution would be to tackle this issue 
in an urban setting rather than in individual building, As many office building in Tokyo has 
restaurants, it would be ideal if the organic waste could be used as biomass to aid energy 
production sustainably. 
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 Final Design 

8.1 SECTIONS 

 
Figure 51 CC and SC in Section 
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Figure 52 Top of CC 

 

Figure 53 Middle of CC 

 

Figure 54 Bottom of CC 
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Figure 55 Top of SC 

 

Figure 56 Schematic Diagram of ATES Connection 

  

to Twin Coil 

from top of SC 
heat exchanger 
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8.2 IMPRESSIONS 

 

Figure 57 South Elevation impressions with SC 
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8.3 UNITIZED SC 

 

Figure 58 SC Prefab modules type 
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Figure 59 Material and Connection of Body Module 

Initially, both the Exhaust Shaft block and the SC block would be designed as 1 unitized 
system. However, considering the distinct 2 different characteristics of the 2, one is opaque 
and the other transparent, as well as the many different possibilities of materials, separating 
them as 2 block modules, made more sense. 

Next, the concept evolved to also allow for on-site construction, e.g. when using a glass-to-
glass connection, inspired by the PV-Chimney project of MOR Team, TU Delft’s Solar 
Decathlon Team Europe of 2019. This way, material for the structural frames could be saved, 
and the glass-to-glass connection provides more transparency. 

Finally, variations of material for the Exhaust Shaft block, in combination with options framed 
or non-framed SC Block can hopefully accommodate the various design needs. 

The order of assembly of Exhaust shaft block: Sandwich panel (prefab) and SC Block: 
frameless with glass-to-glass connection (assembled on site) is visualized in Table 26. Note 
that improvement to the connections to the slab, as well as connection to the existing 
façade could be explored in a future study. 
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Table 26 SC Body Module: Order of Assembly  

  
1: steel profiles to bottom slab 2: Hook Exhaust Shaft block to bottom slab, fix 

the module to steel profiles to top slab 

  
3: assemble the frameless SC block 4: Connect frameless SC block to the Exhaust 

Shaft block 

  
5: put the next block on top, repeat the 

process 2-4 
6: add cover in-between blocks and modules 

to ensure airtightness 
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Figure 60 Body module Horizontal section details 
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 Improvement & Recommendation 

9.1 ENERGY NEUTRALITY 
9.1.1 Reduce 

1. Better thermal resistance 

Although the building is relatively new, it is worth exploring the idea of improving the thermal 
resistance of the building envelope to possibly reduce energy consumption, as energy 
production from PV seems to be limited. This is beyond the scope of this thesis, thus will not 
be further detailed, but important to be mentioned here. 

2. Hybrid system 

There have been several studies that showed not only energy reduction but also better 
comfort when radiant cooling is combined with mixing ventilation (Hao et al., 2007; Kinoshita, 
2016; Lipczynska et al., 2021). For this reason, the writer decided to see if combining EWF with 
chilled beam and underfloor heating can help reduce space heating & cooling energy 
consumption while maintaining thermal comfort, by doing the simulation with DB, the same 
way as described in 7.1.  

 

Figure 61 EWF + chilled beams, with underfloor heating schematic plan 
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Table 27 DB-EWF with chilled beams: Energy Consumption 

 

Table 28 DB-EWF with chilled beams: Comfort Percentage for Comfort Setting of 26°C & 28°C a Year 

 

Table 29 DB-EWF with chilled beams: Temperature distribution 

  

  
From top-left clockwise: Variation 1, Existing, New, and Variation 2. 

Table 30 EWF & EWF with Chilled Beams Comparison: Energy 
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It turns out that, in terms of energy consumption, the difference is marginal when comparing 
EWF with EWF & chilled beams. However, thermal comfort is improved both in comfort hours 
(all cases show 99% or more, instead of 92%) and temperature distribution (a pyramid-like 
distribution with most hours at 21-22°C, instead of concentrated close to the summer comfort 
temperature, 25 or 27°C).  

From the well-balanced temperature distribution among ‘hours at and below’ in black, 
‘hours at’ in green, and ‘hours at and above’ in red, as shown in Table 29, it can be derived 
that the temperature difference between indoor and outdoor is minimal and on the cool 
temperature of 22°C, a very-welcomed breeze especially during the hot and humid 
summers in Tokyo. 

Different from the original EWF design with climate ceiling as shown below, the ventilation 
air that passes the chilled beams seems to help with a more effective space cooling. 

Table 31 EWF & EWF with Chilled Beams Comparison: Air distribution schematic 

EWF with the chilled ceiling and underfloor heating EWF with chilled beams and underfloor heating 

  
 

9.1.2 Reuse 

This question that keeps coming back throughout this thesis: what to do with the recovered 
heat from the top of SC? In order to have an overview of the system and the related 
temperatures in summer and winter, it is important to decide whether to use air or water as 
the heat transport medium between CC and SC. 

Air-medium 

As shown by the exclamation mark Figure 62, using air-to-air heat recovery (hereinafter 
referred to as “A-HR”) in winter will require a smart system that can detect, and maybe filter, 
the recovered heat when it is more than needed, which in this case 18°C is more than the 
needed 16.5°C. 

On the other hand in summer, the recovered ‘cold’ can be sent to CC to precool the 
incoming air from 31°C to 27°C as shown in Figure 63, a small win that still counts. 
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Figure 62 Winter system schematic: Air-medium heat recovery 

 

Figure 63 Summer system schematic: Air-medium heat recovery 
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Water-medium 

 

Figure 64 Winter system schematic: Water-medium heat recovery 

 

Figure 65 Summer system schematic: Water-medium heat recovery 
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For water medium heat recovery (hereinafter referred to as “W-HR”) in winter, unfortunately, 
2 heat exchangers will be required. As shown in Figure 64, the incoming air to CC is pre-
heated from 9°C to 12°C, which later needs to be heated by the twin-coil to reach 16.5°C. 

In summer, there is no ‘cold’ recovered from the top of SC, thus it can be sent to the heat 
source of the ATES system, as shown in Figure 65. 

Validation 

In order to validate how much heating and cooling energy (of ventilation air in CC) can be 
saved by reusing the heat (or cold) from SC using air-medium heat recovery, an additional 
algorithm is added to the CC Excel, as follows. 

Table 32 Reuse (HR): Algorithm 

 

Te refers to outdoor temperature and Thr refers to recovered temperature from the top of SC. 

Table 33 Reuse (HR): Examples of results 

 

In some cases, there are still some waste heat, as shown in red, above. Would be nice if 
there could be a way to store this somehow, maybe in water, to be used for other things, 
e.g. domestic hot water. 

Table 34 Reuse (HR): Heating & Cooling (of ventilation air) energy saving 
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If such a smart system as elaborated by the algorithm exist, an immense 60% of cooling 
energy and 20% of heating energy (of ventilation air) can be saved! Application of heat 
recovery should be made mandatory, as it is a big win after all. 

Other consideration 

Although A-HR is indeed more efficient owing to the fact that only 1 device is required, there 
are some disadvantages: in order to limit the pressure loss, A-HR works with low air velocities 
and therefore are bulky devices. Moreover, it is also more difficult to control (adjust) the flow 
in comparison with W-HR. On the other hand, W-HR, while requiring 2 devices, it requires less 
space, is easier to control, can be easily connected to the ATES system, and there have 
been more devices with better efficiency (around 90%) and very low-pressure loss, e.g. 
microchannel.  

For application in Tokyo with limited space, it is worth exploring the application of W-HR, 
preferably the one with the highest efficiency, something that Japan is good at inventing. 

9.1.3 Produce 

Due to the roof’s space limitation, it is imperative to explore the feasibility of integrating BIPV 
on the façade. Especially important to also simulate the effect of shadings from the 
surrounding buildings.  

9.2 RELEVANCE 
9.2.1 Carbon Reduction Reporting Program 

As discussed in 2.2.6, NK Building falls under the category of medium-size buildings that are 
mandated to submit Carbon Report if the annual energy consumption in crude-oil-
equivalent is 3,000kL or more, which is the case for NK building. The carbon emission of the 
existing building is calculated as 95.4 kg-CO2/m2, following the same conversion rate of 
0.489 kg-CO2/kWh as the newest published benchmark from 2012 shown below, which 
means it falls under the B2 range, below the average of A1. 

Table 35 Carbon Emission (kg-CO2/m2) Benchmark for Medium-sized Office Buildings (TMG, 2012) 

 

The production of energy from renewable sources can soon contribute to the reduction of 
carbon emission reported here, as there is a new guideline published recently in 2021 that 
defines the calculation rule. This newly revised program is aimed to launch in the next fiscal 
year alongside the publishing of the newer version of the benchmark. 
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This has steered the focus to not only reduce carbon emission but also to integrate 
renewable energy production. Although the new EWF design consumes more energy than 
the existing, smart renewable energy production planning can help NK building to rise 
above the average. 

9.2.2 Applicability 

Transferability is key to the growth of this EWF system in Tokyo. The pros and cons will be briefly 
discussed based on the opinion of the writer in comparison to the case study. The discussion 
is based on the premise that these buildings are EWF-applicable, as explained in 3.3. 

To smaller office buildings 

It will be very challenging to take away some space for the ducts and vertical shafts of EWF 
in smaller buildings, although the taller ones with more facades open to the sun could 
benefit as much (if not more) than the case study, thus worth exploring.  

To Acropolis Tokyo 

With more space available in the surrounding and open facades as can be seen in 4.2.2, 
the designer will have more freedom to explore the placement and the design of EWF, 
maybe with more than one CC or SC. Refer to the thesis of my 2 EWF colleagues for more 
ideas. 

To bigger office buildings 

EWF is applicable to bigger office buildings. Taller buildings might need to vertically separate 
the CC and SC due to the higher pressure, but the scale of EWF applied to the NK building 
can be used as a reference. 

9.2.3 Marketability 

Prefabrication of CC & SC 

Targeting existing office buildings to use EWF to reduce their carbon consumption, it is pivotal 
to convince the client that EWF is simple and easy to integrate the system, with all costs 
known from the beginning. By making the CC and SC a prefabricated system can 
contribute to this while ensuring a shorter construction period. As explored a little bit in 8.3, it 
would boost the marketability if the SC can be marketed as a product with a plug & play 
approach. 

Fully transparent SC 

It is unfortunate to see that the little open facades available in the NK building has to be 
covered by the non-transparent SC shafts. Several studies explore transparent insulating 
material (Dowson et al., 2011; Kaushika & Sumathy, 2003) as well as transparent thermal 
absorbing material (Fokaides et al., 2015). Without compromising the performance, it is of 
interest to explore the use of transparent insulation and absorbent material to have a fully 
transparent SC – all the more appealing – which means better marketability.  
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 Comparison between EWF in Tokyo 

and Amsterdam 
As EWF was designed for the Western European climate, it would provide clarity and a 
different perspective of the performance of the system in a warmer and more humid climate 
i.e. in Tokyo when a direct comparison of the two is made. In this chapter, all left graphic 
represents Tokyo’s and right graphic represents Amsterdam’s unless otherwise stated. 

3 types of comparison will be made: performance comparison will be conducted using CC 
Excel and SC Excel, followed by urban & social context will be made following observations 
by the writer. Finally, a study comparing the energy consumption of conventional HVAC 
systems with EWF in a case study in Rotterdam will be presented and compared with the 
result of this paper.  

10.1 PERFORMANCE 

The performance of a natural ventilation system of EWF is consistently depending on the 
natural forces of the earth i.e. the climate of the site. Which climate data affecting what has 
been elaborated in 6.1.1 for CC and 6.1.2 for SC in their respective climate analysis. Only the 
result of the climate analysis will be shown below for a side-by-side comparison.  

10.1.1 Climate Cascade  
1. Energy 
a. To condition the supply air in CC 

Unfortunately for Tokyo, not only the air is warmer but also wetter, resulting in more than 
double the energy required for CC. The warmest temperature taken into account in Tokyo 
is 33°C whereas in Amsterdam 28°C, and the groundwater temperature in Tokyo is 
considered to be 15°C, whereas in Amsterdam 13°C. In order to achieve thermal comfort, 
the temperature of air coming out of CC needs to be 16.5°C in Tokyo and 18°C in 
Amsterdam. Therefore, the CC in Tokyo needs additional cooling more than the ground 
temperature of 15°C to better cool the air with less water to 16.5°C in CC, hence the more 
energy required. 
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Table 36 TYO/AMS comparison: Energy in CC 

 

 

 

 

Figure 66 TYO/AMS comparison: Cooling capacity of CC 

b. To achieve indoor comfort (space heating) 

Fortunately for Tokyo, the energy required for additional space heating in the room is much 
lower, as can be seen below. The actual number is simulated in DB, but in simple comparison 
(by looking at the area under the red line and above the blue line), Tokyo need only about 
1/3 of the space heating energy than in Amsterdam, as it is warmer thus have a warmer 
ground temperature. When the outside air is 18°C, the cooling of the water in CC will stop 
and use the ground temperature of 15°C to warm, whereas in Amsterdam the CC water 
temperature is 13°C to warm, thus less effective. 
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Figure 67 TYO/AMS comparison: Energy in Space Heating 

2. Comfort 

In addition to the comfort temperature setting as discussed in 6.2.1, moisture in the air 
especially during the summers in Tokyo can be unbearable. From the following comparisons 
of relative humidity (%) and absolute moisture (g/kg), CC managed to moderate humidity 
in the air in both Tokyo and Amsterdam to be within the comfortable range according to 
the respective country’s standards. 

 

Figure 68 TYO/AMS comparison: Relative Humidity 

 

Figure 69 TYO/AMS comparison: Absolute Moisture 
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10.1.2 Solar Chimney 
1. Energy 
a. Electricity consumption 

The energy used in SC comes from the auxiliary fan to aid the lack of thermal draft for the 
exhaust. Unfortunately for Tokyo, in order to compensate for the 25 Pa assumed pressure loss 
of the system, more fan energy (the area below the yellow line and above the green graph) 
than in Amsterdam. The blue graph is the outside air temperature. As can be seen in Table 
37, Tokyo’s fan energy is 0.1 kWh/m2, whereas Amsterdam’s is negligible. 

  

Figure 70 TYO/AMS comparison: Thermal draft of SC 

 

b. Heat recovered 

SC in Tokyo has 29% more heat recovered than SC in Amsterdam, with the annual amount 
of 225 MWh and 175 MWh respectively. This is because the temperature difference of air 
exhausted from the room (comfort temperature) and the air coming out at the top of the 
SC is bigger, thanks to the more solar radiation Tokyo has. 

Table 37 TYO/AMS comparison: Energy of SC 

 

However, the shading factor from neighbouring buildings has not been considered in the 
calculation, thus the actual number in Tokyo might be lower. 

It is also relevant to see the temperature at the top of SC in both cities, shown in grey below. 

 

Figure 71 TYO/AMS comparison: Temperature at the top of SC 
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10.2 URBAN & SOCIAL 

Tokyo, different from Amsterdam, has very limited space. The urban area is also densely built, 
meaning that more façade areas will be shaded by neighbouring buildings. For this reason, 
the success of EWF integration in office buildings in Tokyo would depend on the space 
efficiency of the system and the simplicity of the construction.  

10.3 EWF & CONVENTIONAL HVAC ENERGY COMPARISON 
10.3.1 Rotterdam 

Sake Teeling has conducted a comparison study between the annual energy consumption 
of EWF and conventional HVAC system in a case-study building in Rotterdam (MFO-2 
Building). The schematic diagram of each system is shown below. 

    

Figure 72 System schematic: EWF (left) and conventional HVAC (right)(Teeling, 2020) 

 

Figure 73 Annual Energy Demand of EWF and Conventional HVAC in Rotterdam (Teeling, 2020) 

The study concluded that the EWF system consumes 44% lower annual electric energy 
demand compared to the conventional system in Rotterdam (Teeling, 2020). 
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10.3.2 Tokyo 

As the case study building is a rather new building with an energy-conscious design, it is 
relevant to see the energy consumption comparison of EWF to a conventional HVAC system. 
The simulation uses DB and the NK building construction, the only difference is the HVAC 
setting: ‘VAV Reheat, DX Cooling with Dehumidification’, as follows. 

 

Figure 74 VAV Reheat with DX Cooling & Dehumidification HVAC setting in DB 
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Following the same simulation method as conducted in this study with 4 different variations 
as elaborated in 7.1, the result is summarized as follows. 

Table 38 Existing-conventional & EWF Design Comparison: Energy 

 

 

  

The simulation result shows that on average, the EWF system contributed to 40% energy 
reduction, and with a more energy-conscious indoor comfort setting of the EWF system, 
about 60% energy reduction can be achieved. 

 

  



PAGE 91 

 Space for Sustainability:  

limited, yet limitless 
This chapter is written as a prerequisite for the graduation annotation: Technology in 
Sustainable Development (TiSD), but more importantly, to showcase the limitless possibility of 
utilizing the limited space in office buildings in Tokyo for contributing to a carbon-neutral 
Tokyo and Japan by 2050, no matter how little. 

 

Figure 75 Tokyo View from Tokyo Metropolitan Government Building 
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It takes little effort and imagination to notice how Tokyo is one of the most densely built cities 
in the world: the brightly lit and colourful neon lights illuminated the ever-busy arrays of thin 
and tall buildings – leaving almost no gaps in-between - packed with salarymen, as the 
Japanese likes to call it when referring to corporates’ hard-working men and women. As far 
as scarcity value is concerned, limited space causes its value to rise, alongside its price: 
Tokyo is the 6th most expensive city in the world, leaving Amsterdam in 18th place, according 
to Globalpropertyguide.com.  

While the writer thinks that prioritizing sustainability is indispensable for the survival of 
humanity, not profit, fortunately, studies have shown that connected the two: how 
organizing for sustainability can bring profit (Bonini & Swartz, 2014). Now, the question is: How 
can we utilize office spaces in Tokyo differently to have a lower carbon emission in the end, 
taking the case study building (NK Building) as an example? 

Current condition 

 

Figure 76 Case study building: space-use division (Flying Pumpkins & Team FP, 2013) 
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While the common area and access for both Office and Shop areas are largely dependent 
on the architectural layout, the MEP space, which is also included, is dependent on the 
adopted system for the building. In this case, the roof space has to be utilized for the outdoor 
units of these systems, as there is no space in the surrounding of the building. 

Table 39 NK Building Space Allocation Percentage 

 

Considering this as a renovation project where the architectural layout is not changed, we 
can see from the above table that parts of the non-rentable area of Office (10%) and Shop 
(5%), mostly referring to the MEP space when the new system requires less, and most of the 
Others (5%), referring to the car parking space. These happened to be closed spaces inside 
the building, which will be referred to as ‘the-10%’, for simplicity in this chapter. What kind of 
things can be proposed in such spaces that can contribute to the reduction of carbon 
emission of the building? To answer the question, a desired future for the NK building needs 
to be envisioned first before backcasting on the things that should be done to achieve it. 

Backcasting 

Desired future of NK building in 2050: a smart and net-energy positive building that 
showcases sustainability, therefore its users also practice sustainable lifestyle e.g. commute 
by bike/ train/on foot/car-sharing, conscious-use of energy & resources (lighting, 
heating/cooling, water, etc), active participation in urban farming & composting within the 
facility. 

The new space-use proposal for the-10% can be classified by 2 types of carbon reduction: 
direct and indirect impact.  

Direct impact refers to the 3 types of energy correlated to the built-environment: Building 
Related Energy (BRE), User Related Energy (URE), and Material Related Energy (MRE), 
whereas indirect impact refers to anything beyond that, including for research & innovation, 
raising awareness, and education. The carbon reduction impact for the latter is rather long-
term and therefore can be controversial when discussing carbon reduction. Using the space 

Rentable non-rentable Rentable non-rentable
B1 - - 30 10 35 25
1 - - 40 10 20 30
2 - - 60 10 20 10
3 70 10 - - 20 -
4 70 10 - - 20 -
5 70 10 - - 20 -
6 70 10 - - 20 -
7 70 10 - - 20 -
8 70 10 - - 20 -
9 70 10 - - 20 -
10 70 10 - - 20 -

Total (%) 50 10 10 5 20 5

partial change total change

Office (%) Shop (%) Common 
space (%)

Others (%)Floor
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to research, teach, or showcase examples of sustainability means that consumption might 
actually be higher. Pasona Urban Farm by Kono Designs is an interesting example of how an 
office can integrate high-tech urban farming. Although it consumes more energy to 
facilitate farming, the building has an overarching value of showcasing urban farming and 
inspiring people to become farmers, a steadily declining profession in Japan (Andrews, 
2013). All of the food is harvested, prepared, and served in the on-site cafeteria, a farm-to-
table approach, resulting in zero food mile.  

  
 

 

 

 
 

Figure 77 Pasona Urban Farm (Andrews, 2013) 

New ideas 

New space-use proposal for direct carbon reduction impact for the-10%: 

 Gardening/ Tree-planting -> carbon sequestration, biodiversity 
 Vertical farming -> reduced food-mile, food production 

o Shiitake mushrooms 
o Leafy vegetables (might increase energy use) 

 Energy-production gym -> electricity production from kinetic 
 Composting facility -> electricity production from biomass 

New space-use proposal for indirect carbon reduction impact for the-10%: 

 Bicycle parking -> to replace cars 
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 Sustainability exhibition space -> to educate & inspire people 
 Weekly energy use billboard -> to encourage positive competition for energy 

reduction 
 Pigs or chicken café -> to indirectly encourage veganism & animal love  

The dilemmas 

Although free solar energy is abundant in the country-of-the-rising-sun, the densely placed 
buildings almost make façade-integrated PV panels obsolete in low to mid-rise buildings, 
while roof-top space is also mostly occupied with mechanical equipment, leaving not much 
room for BAPV. 

Moreover, the EWF system that harvest natural resources also uses comparatively bigger 
duct sizes and requires shaft spaces for the integration of SC and CC. While the total space 
requirement might be less than the conventional HVAC system, integrating it in Tokyo would 
require a smart and modular approach, exactly due to the limited space. 

This highlights the fact that sustainability requires space. Favourably, sustainability is not a 
choice but for survival. The same way a person cannot live alone, a building as small as an 
NK building cannot ‘survive’ and become net-energy positive on its own. The scale needs 
to be seen at least on a district level where energy, heat, and cold, can be shared. 

Opportunities 

The COVID-19 pandemic has shown that people can work from home. Office space 
requirement is expected to reduce in the future, which means there will be more space in 
the existing building stock convertible to more meaningful purposes for carbon reduction. 

Moreover, means to prevent buildings from demolition could be a double win for both 
sparing precious resources from building new construction and reusing the existing space, 
prolonging the lifetime. Improving adaptability and flexibility of space-use and modularity 
of building components can greatly contribute to this. 

Conclusion 

There are many ways to use office space in Tokyo differently to lower the carbon emission, 
some with direct impact while the others are more long-term and indirect. However, the 
impact is minuscule if only done by 1 building. Therefore, it is as important to raise awareness 
of the importance of sustainability in all parts of life so that this can be followed and done 
by more, if not everyone. Only then will the limited space become limitless. 
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 Discussion 

12.1 LIMITATIONS 

Addressing the elephant in the room, accumulated stress due to the lack of social activity, 
freedom to travel, and normality in daily life caused by the COVID-19 pandemic might have 
affected the depth, accuracy, and/or richness of this thesis than initially intended. 

Limitation in the simulation accuracy using DesignBuilder was observed. On one side, this is 
due to the novelty of the EWF concept along with its unique ‘climate machine’ properties, 
and the limited time and expertise on working with DB as well as mechanical engineering 
knowledge. However, the presented result is believed to show sufficient trends of the 
intended purpose. 

Time always seems to be the limitation (or blessing in disguise) for the writer. The deeper the 
research goes, the more unknown & possibilities were found, hence the long list of 
recommendations for further research. 

12.2 RECOMMENDATIONS FOR FURTHER RESEARCH 

Research-oriented recommendations: 

 Explore the possibilities of cooling (or cooling storage) from waste-heat, e.g. utilize 
sorption or desiccant cooling using the heat recovered from SC 

 Explore EWF design without the use of ATES and use a chiller instead to cool the CC 
water in Tokyo or other cities with similar climates. 

 Explore different variations of SC adapted to the need of the building: prioritizing 
electricity production or heat gain by adding and/or adjusting the placement of PV 
or PV/T or Thermal Collector. 

 Explore different systems for space heating & cooling in combination with EWF, e.g. 
EWF with chilled beams, or any other hybrid system. 

 Explore the IAQ of the air coming out of CC, especially concerning coronavirus. 

Other recommendations: 

 A standardized and user-friendly CC Excel and SC Excel (or other forms of calculation 
software) could be published for interesting parties to use, possibly with a user manual 
or video tutorial. A proper EWF dynamic simulation is of course very welcomed. 
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 Conclusion 
Referring to the research question: 

“Is the Dutch Earth, Wind and Fire system (EWF), in place of the existing air-conditioning 
system, an efficient energy‐retrofitting method to achieve energy‐neutrality in an office 
building in Tokyo without compromising thermal comfort of users?” 

If an efficient energy-retrofitting method is defined as an energy reduction of at least 50%, 
then the answer is: 

No, it is not efficient for the case of NK Building, as it turned out that the existing air-
conditioning system is already energy efficient. However, the limitation in properly simulating 
EWF with HR in DB is believed to have affected the energy consumption, thus further study is 
recommended.  

Moreover, as the case study building’s air-conditioning system also does the space heating 
and cooling altogether, replacing this with EWF means an additional space heating and 
cooling would have to be integrated. As a ventilation system, EWF contributed to 15% 
energy reduction proving the fact that the natural ventilation concept of EWF works.  

Furthermore, the EWF system uses 40% less energy in comparison to a conventional HVAC 
system in Tokyo, showing similar trends with another study conducted in Rotterdam. Naturally 
Tokyo seemed to have been found in translation. 

As an energy-retrofitting method in such an urbanized area like Tokyo, space efficiency in 
addition to ease of construction seems pivotal. For this reason, EWF elements, i.e. CC and 
SC needs to be developed as unitized yet adjustable modules. In addition, the existing 
system demands most of the space on the roof for its Outdoor units, leaving limited space 
e.g. PV panels, whereas the EWF system does not – this is believed to bring an added value 
to the use of space for sustainability in the building. 

On the other hand, energy neutrality is difficult to achieve without reducing the energy 
consumption first, or else increase the energy production through renewable sources. 
Various ideas have been explored.  

Finally, EWF integration has not compromised thermal comfort in any of the different 
variations explored – EWF has improved thermal comfort. It is worth noting that in Tokyo, 
different from in Amsterdam, the key is to combine with effective space cooling system, 
more than heating. 
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Appendix  

1. Climate comparison: Tokyo – Amsterdam 
a. General comparison 

Tokyo is red, and Amsterdam is gray. Source: https://www.worldweatheronline.com/ 

 
In terms of temperature, Tokyo and Amsterdam have rather similar phenomenon, 
with Amsterdam on the colder side. 
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For rainfall, Amsterdam’s rainfall is rather high in February and October, whereas 
Tokyo’s is in July and October. Amsterdam seems to have slightly more rainy days 
overall. 

 
 

Amsterdam’s wind speed is high in February and October, whereas Tokyo’s more 
balanced throughout the year, with July having the highest average. 
 

 
 

Amsterdam has deeper snowfall in February, but all in all the phenomenon is similar. 
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Surprisingly, Amsterdam has higher humidity during autumn and winter, possibly due 
to the higher percentage of clouds. Tokyo’s humidity is at its peak in July. 
 

 
 

Tokyo’s sun hours are at its peak in August, while Amsterdam’s is in April. The overall 
trend seems to be similar. 
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b. Detailed comparison 
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2. PV Yield 
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3. DB Simulation 

 
a. EWF – Existing (VRF) comparison 

Ventilation 24/7 on, Heating & Cooling schedule as follows. 
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b. EWF – conventional (VAV) comparison 
 EWF Conventional (VAV) 
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c. Existing (VRF) comparison - EWF with chilled beams 
Ventilation schedule for EWF with chilled beams=occupancy schedule 
Heating & cooling schedule for EWF with chilled beams 

 
EWF with chilled beams:  
supply air outlet temperature set to always 16.5, but not achieved in winter & 
spring. 
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d. EWF – EWF with chilled beams 
 EWF EWF with chilled beams (new 
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4. Formulas 

Formulas for each of the elements of EWF, cited from Dr. Ben Bronsema’s dissertation: 
Earth, Wind & Fire Natuurlijke Airconditioning. 

a. Climate Cascade 

The heat flow between air and water in a Climate Cascade is determined by the 
required thermal power, expressed in the formula: 
 

Φ = 𝑞𝑞𝑣𝑣.𝑙𝑙 .𝜌𝜌𝑙𝑙 . (ℎ𝑙𝑙.𝑖𝑖𝑖𝑖 − ℎ𝑙𝑙.𝑜𝑜𝑜𝑜𝑜𝑜)       (Bronsema, 2013) 
 

Where, 
Φ = Heat flow [W] 
𝑞𝑞𝑣𝑣.𝑙𝑙 = volume flow air [dm3 .s-1] 
𝜌𝜌𝑙𝑙 = density of air [g. dm3] 
ℎ𝑙𝑙.𝑖𝑖𝑖𝑖 = enthalpy of the air at entry [Jg-1] 
ℎ𝑙𝑙.𝑜𝑜𝑜𝑜𝑜𝑜 = enthalpy of the air at exit [Jg-1] 
 
The heat flow consists of a sensible component Φ v and a latent component Φ l, at 
which: 
 

Φ =  Φ𝑣𝑣 +  Φ𝑙𝑙         (Bronsema, 2013) 
 
The sensible heat transfer in a Climate Cascade can be described with the general 
formula: 
 

Φ𝑣𝑣 = 𝐴𝐴𝑑𝑑𝑑𝑑 . ℎ𝑐𝑐.𝑑𝑑𝑑𝑑(𝜃𝜃𝑑𝑑𝑑𝑑 − 𝜃𝜃∞) + 𝐴𝐴𝑤𝑤𝑖𝑖𝑑𝑑 . ℎ𝑐𝑐.𝑤𝑤𝑖𝑖𝑑𝑑(𝜃𝜃𝑤𝑤𝑖𝑖𝑑𝑑 − 𝜃𝜃∞)    (Bronsema, 2013) 
 
Where, 
Φ𝑣𝑣 = sensible component heat flow [W] 
𝐴𝐴𝑑𝑑𝑑𝑑 = cumulative surface water droplets in the spraying zone [m2] 
ℎ𝑐𝑐.𝑑𝑑𝑑𝑑 = convective heat transfer coefficient of air on droplets [Wm-2 K-1] 
𝜃𝜃𝑑𝑑𝑑𝑑 = temperature of water droplets [°C] 
𝜃𝜃∞ = temperature of air flow [°C] 
𝐴𝐴𝑤𝑤𝑖𝑖𝑑𝑑 = total wall surface [m2] 
ℎ𝑐𝑐.𝑤𝑤𝑖𝑖𝑑𝑑 = convective heat transfer coefficient air and walls [Wm-2 K-1] 
𝜃𝜃𝑤𝑤𝑖𝑖𝑑𝑑 = temperature of the wall [°C] 
 
The latent heat transfer in a Climate Cascade can be described in an analogous 
way with the general formula:  
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Φ𝑣𝑣 = 𝐴𝐴𝑑𝑑𝑑𝑑 .𝐾𝐾𝑑𝑑𝑑𝑑 . 𝑟𝑟�𝑐𝑐𝑑𝑑.𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑑𝑑.∞� + 𝐴𝐴𝑤𝑤𝑖𝑖𝑑𝑑 .𝐾𝐾𝑤𝑤. 𝑟𝑟 (𝑐𝑐𝑑𝑑.𝑤𝑤𝑖𝑖𝑑𝑑 − 𝑐𝑐𝑑𝑑.∞)   (Bronsema, 2013) 
 
Where, 
Φ𝑣𝑣 = sensible component heat flow [W] 
𝐴𝐴𝑑𝑑𝑑𝑑 = cumulative surface water droplets in the spraying zone [m2] 
𝐾𝐾𝑑𝑑𝑑𝑑 = mass transfer coefficient humidity on droplets [ms-1] 
r = evaporation heat of water at the condensing temperature [J.g-1] 
𝑐𝑐𝑑𝑑.𝑠𝑠𝑜𝑜𝑑𝑑𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠 = water vapour concentration at the surface of the droplets [gm-3] 
𝑐𝑐𝑑𝑑.∞ = water vapour concentration in the air [gm-3] 
𝐴𝐴𝑤𝑤𝑖𝑖𝑑𝑑  =  total wall surface [m2] 
𝐾𝐾𝑤𝑤 = mass transfer coefficient air humidity on wall [ms-1] 
𝑐𝑐𝑑𝑑.𝑤𝑤𝑖𝑖𝑑𝑑 = water vapour concentration at the surface of the wall [gm-3] 
 
The spray spectrum 
For designing the spray spectrum, it is essential to determine the properties of the 
drop, diameter, area and volume.  
The average droplet diameter is expressed mathematically in the formula: 
 

  𝐷𝐷[1,0] =  ∑𝑖𝑖.𝑑𝑑
𝑖𝑖

       (Bronsema, 2013) 
 
Where, 
𝐷𝐷[1,0]= average drop diameter. Often written as d10 [mm] 
𝑑𝑑 = diameter of individual drops [mm] 
𝑛𝑛 = number of drops 
The relationship between the average drop diameter and its average volume is 
written as: 
 

𝐷𝐷[3,0] =  �∑𝑖𝑖.𝑑𝑑3

𝑖𝑖

3
        (Bronsema, 2013) 

 
Where, 
𝐷𝐷[1,0]= average droplet diameter by volume or VMD, Volume Mean Diameter, 
often    written as d30 [mm] 
Similarly, the relationship between the mean droplet diameter and their mean area 
is written as: 
 

𝐷𝐷[2,0] =  �∑𝑖𝑖.𝑑𝑑2

𝑖𝑖

3
        (Bronsema, 2013) 

 
Where, 
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𝐷𝐷[2,0]= average droplet diameter on surface or SMD, Surface Mean Diameter, often    
written as d20 [mm] 
The relationship between the mean droplet diameter and the mean surface area is 
usually expressed in the Sauter Mean Diameter SMD that is written as: 
  

𝐷𝐷[3,2] =  ∑𝑖𝑖.𝑑𝑑3

∑𝑖𝑖.𝑑𝑑2
        (Bronsema, 2013) 

 
Where, 
𝐷𝐷[3,2]= Sauter Mean Diameter, often written as d32 [mm] 
 
The active surface of a Climate Cascade is determined by the cumulative surface 
area of the water droplets that are simultaneously in the cascade. This cumulative 
area is a function of the number of drops and the SMD d32. The number of drops 
depends on the water flow and the VMD d30. The residence time of a drop in the 
Climate Cascade is a function of the height and of the fall speed, which in turn is 
directly related to the weight and thus to the VMD d30. The falling velocity of a drop 
or a drop collection is determined by the initial speed, gravity and air resistance. 
During the fall, the speed increases with the gravitational acceleration g but due to 
the increasing speed also increases the air resistance. The air resistance is 
determined by the drag coefficient Cw, which depends on the nature of the flow, 
laminar, turbulent or intermediate, expressed in Reynolds’ number Re according to 
the formula: 

 
𝑅𝑅𝑅𝑅 =  𝑑𝑑𝑑𝑑𝑑𝑑.𝜌𝜌𝑙𝑙  (𝑤𝑤𝑑𝑑𝑑𝑑−𝑤𝑤𝑙𝑙)

𝜇𝜇𝑙𝑙
       (Bronsema, 2013) 

 
Where, 
Re = Reynolds number  
𝑑𝑑𝑑𝑑𝑑𝑑 = drop diameter [m] 
𝜌𝜌𝑙𝑙  = density of the air [kg.m-3] 
𝑤𝑤𝑑𝑑𝑑𝑑 = speed of the drop [ms-1] 
𝑤𝑤𝑙𝑙 = air speed [ms-1] 
𝜇𝜇𝑙𝑙 = dynamic velocity air [Pa.s] 
Laminar flow occurs at Re ≤ 1 and turbulent flow at Re ≥ 300 
The drag coefficient Cw can be calculated by the formula of Wallis: 
 

𝐶𝐶𝑤𝑤 = �24
𝑅𝑅𝑠𝑠
�  . (1 + 0.1 𝑅𝑅𝑠𝑠0.687)      (Bronsema, 2013) 

 
The minimum inlet pressure for most sprinklers is 0.5 bar with an initial speed in the 
spray spectrum is realized from ≈ 10 ms-1. The final velocity is independent of the 
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initial velocity. For the sprinkler system, this means that the initial speed can become 
low; gravity then does its job to reach the final velocity. The pressure at the nozzles 
can therefore be low, so that the pump energy can be limited. The final velocity w 
v, t of a water droplet, where the gravity mg is in equilibrium with the drag force Fw is 
given by the formula: 
 

𝑤𝑤𝑑𝑑𝑑𝑑.𝑜𝑜 =  𝑤𝑤𝑙𝑙 +  �
2.𝑚𝑚.𝑔𝑔

𝜌𝜌.𝐴𝐴𝑑𝑑𝑑𝑑 .𝐶𝐶𝑤𝑤
       (Bronsema, 2013) 

Where, 
𝑤𝑤𝑑𝑑𝑑𝑑.𝑜𝑜  = final velocity of a drop [ms-1] 
𝑤𝑤𝑙𝑙 = air speed [ms-1] 
𝑚𝑚 = mass of drop [kg] 
𝑔𝑔 = gravitational acceleration 
𝐴𝐴 = projected area of drop [m2] 
𝐶𝐶𝑤𝑤 = drag coefficient 
 
The heat transfer coefficient by convection ℎ𝑐𝑐.𝑑𝑑𝑑𝑑 in the spray zone from air to water 
drops is a function of several variables such as temperature, speed of the media, 
viscosity, thermal conductivity, turbulent or laminar flow and geometry of the drops. 
The following relationship can be used for ℎ𝑐𝑐.𝑑𝑑𝑑𝑑: 
 

𝑁𝑁𝑁𝑁 =  ℎ𝑐𝑐.𝑑𝑑𝑑𝑑.𝑑𝑑10
𝜆𝜆

= 2 + 0.6 𝑃𝑃𝑟𝑟
2
3.𝑅𝑅𝑅𝑅

1
2     (Bronsema, 2013) 

 
Where, 
𝑁𝑁𝑁𝑁 = Nusselt’s number 
ℎ𝑐𝑐.𝑑𝑑𝑑𝑑 = convective heat transfer coefficient [Wm-2 K-1] 
𝜆𝜆 = thermal conductivity coefficient [Wm-1 K-1] 
𝑃𝑃𝑟𝑟 = Prandl’s number 
𝑅𝑅𝑅𝑅 = Reynolds number 
 
 
For air in the temperature range of 20 ˚C - 40 ˚C, Pr ≈ 0.71 (Recknagel, 2010) applies. 
 

𝑅𝑅𝑅𝑅 =  
𝑑𝑑10 . (𝑤𝑤𝑑𝑑𝑑𝑑 − 𝑤𝑤∞)

𝑣𝑣
 

 
Where, 
𝑤𝑤𝑑𝑑𝑑𝑑 = speed of the drop [ms-1] 
𝑤𝑤∞ = speed of air [ms-1] 
𝑣𝑣 = kinematic viscosity [m2.s-1] 
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The relative air velocity (𝑤𝑤𝑑𝑑𝑑𝑑 − 𝑤𝑤∞) of a water droplet with respect to the air is in high 
degree depending on the droplet diameter d.  
 

b. Solar Chimney 

BASIC MODELLING 
A solar chimney can be regarded as a heat exchanger with solar heat as the 
primary medium and air and a heat-exchanging surface: the glass wall and the 
inner walls as the secondary medium.  
a. Hydraulic diameter 
Hydraulic diameter Dh of the channel, defined by the formula: 

 
Where a and b stand for the width and depth of the solar chimney. 
 
b. Thermal draft 
 
 
 
 
 
 
 
 
 
 
 
 
c. Pressure loss 
Dynamic pressure 
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External pressure loss 
From the following graph 

 
Shunt channel pressure loss 
From the following graph 
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Solar chimney pressure loss (due to friction) 

 
 
c. Heat Balance in a Ventilated Cavity 
The followings are taken from ‘AR1B021_Building Physics_Lecture notes 
02_2021_2022_Q1_v2’ by Regina Bokel, as used in SC Excel. 
 
Heat balance of the exterior glass pane: 
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Four equations with four unkowns: 

 

 
Used as matrix in excel as follows. 

 
 
However, considering the insulation of the outer glass plane (assume that all the 
insulation of the glass is between Tglass1 and Te) as follows  

 
The following can be defined: 
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With an adapted heat transfer coefficient 

 
thus the equation for Tglass1 is as follows: 
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