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Abstract: This paper presents a building construction approach that is based on forty years of
experience and a focus on multi-disciplinary synergies. After 1980, the migration science-based
design was accelerated by the “Integrated Design Process (IDP)”. As a result, building science
became a significant force in reducing the effects of climate change. The component associated with
heating, cooling, and ventilation that is labeled “Environmental Quality Management” (EQM) or
EQM-retro for interior applications will be discussed. The critical aspects of EQM-retro are: (1) A
two-stage process for new and retro construction that modifies financing patterns. In stage one, the
object is to develop the best possible performance within an investment limit. In stage two, the cost
is minimized; (2) Building Automatic Control Systems (BACS) are important for control thermal
mass contributions of while achieving adaptable indoor climate as well as an integration of the
HVAC system with the building structure; (3) This is achieved with use of a monitoring application
and performance evaluation (MAPE); (4) Introduction of BACS and MAPE during design process
improves the integration of building subsystems and energy optimization. Examples showing
increaseased occupant-controlled comfort, energy efficiency and flexibility of energy demand are
presented in the paper.

Keywords: energy efficiency; building automatic control; energy use under field conditions; two-
stage construction; cost-benefit evaluation; retrofit of residential buildings

Foreword

In North America, more than five billion dollars (US) has been invested in home
energy management (HEM) since the beginning of the 21st century with over three billion
dollars (US) in venture investments in the past five years [1]. The system is currently
divided into two parts: a smart home with security, convenience, and comfort, and an
extended home system which covers on-site energy generation, energy storage, and electric
vehicle charging. The only area of overlap is home energy management, which unites the
home system. So, there is a need to understand how this situation has developed.

In the 1970s, we discussed either passive houses or solar engineering as the choice
for low-energy buildings. Building physics evolved and now we integrate all design
activities. In the past, we debated placing solar shading either on the exterior or interior of
the windows. Today, we have learned to shape facades to achieve the required shading.
Currently, construction technology is in transition between the traditional approach and
one based on sustainable built environment [2,3].

What is missing in this transition is a concise presentation of the science behind the
most effective and sustainable technologies, including examples where the benefits of
integration can be identified. This presentation will assist in the identification of research
needs. When the existing technology [4–7] is reviewed, questions about the synergy
between sub-systems emerge [5,6].
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During the years 2005–2008 in Central New York State, a DOE/NESERDA sponsored
project called High Environmental House (HEP) was completed in Central New York
State [8–10]. The goal was to find the limit of passive house measures [8], using the
best quality assurance [9] and computer modeling [10] but without using renewable
energy sources. We found that in comparison to 2004 code requirements a 50% energy-
use reduction in comparison with typical builders could be realized. In addition, it did
not matter what energy model was used because each of them had to be calibrated by
field measurements on an actual house. This project led us to the development of the
Environmental Quality Management” (EQM) concept. By the application of artificial
neural networks (ANN) [11–13] to the data monitored on the actual building we avoided
calibration of the model. Furthermore, use of ANN permits correlation of measured and
calculated characteristic parameters and as well as the addition of sensors to detect faults
in the operation of the system. Monitoring energy use and indoor climate and subjecting
the data to a statistical analysis prior to ANN modeling reduces the prediction uncertainty
and facilitates innovation. More specifically, synergies involving energy use, transient
indoor climate and thermal-mass contributions can be enhanced by a computerized control
system that utilizes weather-data forecasts in the steering of the HVAC operation.

In this context, the merger of energy with indoor climate brings together the two fields
of home energy management. This paper highlights the power of integrating existing
technologies. In the first part we identify the need for integration and in the second part
we present an integrated energy and indoor environment control models. Today, sufficient
confidence and experimental results exist to encourage others to participate in the research
described in this paper.

PART 1: Where Do We Start?

Progress in the retrofitting of buildings is presently unsatisfactory. With existing
techniques, for example, energy use can be cut by 30–40% at a modest cost [1,14]. Why are
these techniques not commonly used for retrofitting? One of the possible reasons is that
the design of new buildings involves all aspects of construction, while retrofits focuses on
elements that yield a rapid return on investment. The concept of building as the system
has existed for at least 30 years. Fixing a single aspect of building performance, therefore,
cannot be considered an acceptable practice.

1. A Road to Building Integration

For centuries, bricks have been improved before being given to builders. Recently,
social pressure to build sustainable buildings resulted in an integrated design process
(IDP), where all critical decisions are made when the building concept emerges [15]. The
new design paradigm requires prediction of performance before a building is erected. This
intensifies the need for improved understanding of the actual performance of a building
before it is constructed.

1.1. Mold Growing on Books in the Desk of a Nanjing School

Books left for the winter in a school desk, were found covered with mold in the Spring.
To improve indoor environment in warm and humid climates, walls could be retrofitted
with a ventilated air cavity to remove excess moisture from walls. If air in the room is
de-humidified, and the wall is covered with a capillary-active material (Haeupl [16]), and
there is a moisture balance between day and night, then the system will slowly dry. Such a
solution could not have been proposed for two reasons: (a) fear of loading water in the
walls by over-pressurized ventilation air, and (b) lack of the real-time hygrothermal models
(we have only parametric models). This example underlines the linkage of the indoor
environment with energy use or health aspects.

Today, we are one more step beyond recognition of the inter-connectivity of spaces
in a building, and one more step further from the interdisciplinary solution that is



World 2021, 2 196

needed because the tragic experience with Covid 19 showed the need for improving
our ventilation patterns.

1.2. Energy Mirage

Since the 1973 energy crisis, energy efficiency has become a design objective. Multi-
unit residential buildings (MURBS) can be used for comparisons [17]. The average annual
energy used in MURBs during 2002 in Vancouver, Canada was 250 kWh/(m2·yr) with the
same value observed in 1929 [18]. How is it possible that a building constructed today
consumes the same energy as one built without insulation nearly a century ago? Today, we
have closed combustion heating, thermal insulation [19], glazing systems with reflective
coatings [20], earth-air heat exchangers [21,22], reviews of energy, energy compared with
cost [23], indoor environment [24], and methods of optimization [25].

The above comparison is called an “energy mirage” because it does not have a simple
explanation. The load-bearing function on the old masonry structure required thick walls
and heavy floors, that created a huge thermal mass. They responded slowly to exterior
conditions, leveling diurnal shifts in temperature and tempering interior conditions. The
thermal mass of the building served as a “heat battery,” releasing energy in proportion
to the decreasing indoor temperature. These old walls were airtight because on each
side there was a field-applied, lime-based plaster placed on a partial air gap (porous
substrate). Lime develops strength slowly and this allows settlement of walls while the
plaster maintains adhesion and continuity. Furthermore, thanks to its elasticity, lime creates
micro-cracks while it resists formation of macro-cracks [26]. Both the plaster and masonry
walls were serviceable and could easily be repaired. Double-hung windows in North
America (casements in Europe) were well-integrated into the masonry walls. Although not
perfect, the small window area limited their impact on air leakage.

Because of the slow thermal response of these buildings to exterior climate variation
and to the periodic nature of the heating systems, the indoor temperatures varied between
periods of comfort and discomfort as the service conditions changed [27]. Effectively, what
these masonry buildings were missing by way of insulation was compensated for by a
combination of overheating during the heating period, thermal storage and a low rate of
cooling until the next heating period. Furthermore, to improve on shortcomings of the
natural ventilation, the old rooms were typically much taller than the modern rooms.

This information does not surprise a building scientist who says: “OK, so during
these years all progress went into improving the comfort of the occupants. Now, during
a winter, the average temperature in a room is about 5 ◦C higher, so a large progress in
comfort has benne achieved in two generations.” All right, the authors continue: if you call
the comparison between 1929 and 2002 an energy mirage because it shows the failure of
relying on a perception, why do you use parametric models of energy to design buildings
today? Well, the answer is—the models assist architects in design decisions.

This brings us to the role of an architect. In the past architects had a holistic view of a
building. This is not the case today. In 1900, there were about 500 different construction
products in the Swedish market, by 1950 the number increased to about 5000 and today
there are more than 55,000 different products [28]. This suggests that the growth of
specialized expertise, and this fragmentation of the design process has erased the capability
of an architect to control all stages of design and construction.

In summary, whether we like it or not, the above two examples show that the inter-
connected world of multiple effects changed the way we design buildings.

1.3. The Holistic Approach to Construction

The holistic approach makes a significant difference in five aspects of design:

1. Consideration of sustainability should be included in each design project, large and
small, new construction or retrofitting.
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2. Buildings should be rated on their seasonal and total performances that includes
energy efficiency, indoor environment, durability, initial and total cost of 15 (or 25)
years of performance.

3. Energy/hygrothermal models should represent the real-time performance in the
specified climate.

4. HVAC performance needs to be optimized initially in the conceptual stage and finally
during the occupancy stage.

5. The building cost must include both the initial, maintenance, and operating costs

1.3.1. Design Objectives

One starts with resolving conflicts between an investor (future building owner) and
society. Society wants a zero-energy use for a dwelling or small house. The investor wants a
minimum purchase price. To alleviate this conflict, one may divide the construction process
into two stages. In the first stage the builder is limited by the cost agreed upon with the
investor and in the second stage the performance achieved should satisfy society demands.

1.3.2. Tradition Was Based on the Rating Scales Not on Evaluation of the Performance

Comparative tests are designed for achieving high precision. For instance, measuring
airtightness at DP 50 or 75 Pa improves test precision, while a typical air pressure difference
in dwellings is 3 to 4 Pa with 10 Pa being a practical maximum. Flow rate versus DP varies
with the size and structure of the building but there is always a fraction of uncontrollable
air leakage. Nevertheless, there is a minimum value for fresh air supply for health reasons
of 0.30 to 35 ACH. This limit would correspond to about 1.5 ACH when measured at
50 Pa. In effect, to compare airtightness and ventilation needs one should measure both air
characteristics directly [29].

1.3.3. Energy and Hygrothermal Models

Parametric models [30], assume independence of all parameters. Keeping some
constant and varying others, one may calculate an effect. For example, energy efficiency
is calculated with constant interzonal air flow rates and for calculating ventilation rates,
we assume that the air temperature field in adjacent rooms is constant and known. A
simultaneous interaction of two different simulations (co-simulation) e.g., using Energy+
and CONTAM show results different from the use of these programs separately [31].
WUFI+ is being considered for similar co-simulations.

Each energy model must include two components: (a) heat transfer caused by tem-
perature difference and (b) thermal energy carried by air flows, but our knowledge about
air flows is insufficient. Energy models require calibration with measured data. The un-
certainty in air flows from field testing is demonstrated by using an acceptance criterion
that is ten times larger than achieved with measurements in a climatic chamber. The only
way to avoid the model calibration on a real ventilation measurement is to use monitoring
application for performance evaluation (MAPE). It is shown later in the test that ANN-
performance models that are based on actual data have the potential for achieving higher
precision than uncalibrated numerical models.

1.3.4. Improving HVAC Performance

Today, in large commercial buildings one performs a post-construction performance
evaluation of HVAC. Should this also be done in residential buildings? Consider a smart
house, with water-based heat pumps and two buffer tanks connected to rain and gray
water, solar thermal and photovoltaic panels, solar loaded batteries to load the electric
vehicle, heat exchangers for ventilation system and you see that the only difference between
commercial and residential buildings is scale. Furthermore, advanced control system is
needed for use of a shallow, horizontal ground heat exchanger for storing an excess of
summer energy or for use as energy transfer from solar overheated rooms to the northern
side of the building. Independent of the technical solutions used, all these control functions
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justify a building automatic control (BAC) expert in the IDP team who understands data
acquisition and real-time control of equipment.

1.3.5. Handling of the Cost-Benefit Relation

The most successful public/private programs (R2000 in Canada, Building America
in the USA) dealt with the whole building system and included two critical aspects of
cost-benefit analysis:

(1) Defining cost and performance level for the reference building, and
(2) Encouraging trade-offs within the total limit of expenditure

1.4. Interim Conclusions

This review highlighted the need for a holistic approach to the cost of investment and
to the building operation, in short, the need for holistic evaluation of building performance.
In view of different shortcomings of the parametric energy and hygrothermal models
used today and test methods based on comparative material ratings, the need to start the
analysis from the first principles of building science.

PART 2. Building as a System

Today, we design buildings as a system.

2. Opportunities for a Design Change

In switching from components to the system performance, one should recognize the
following needs:

1. To reduce or eliminate peak loads one should use a dynamic operation of thermal
storage and design a thermal lag time between 12 and 16 h,

2. To control the contribution of thermal mass one should place the heat source in contact
with the mass of the building,

3. Design of ventilation and heating systems should be separated since they have differ-
ent response times,

4. To improve moisture management, consider a possible use of over-pressurized ventilation
5. To ensure air redistribution without cross-polluting indoor space, when an adequate

moisture management exists you should use an over-pressured air delivery and
local exhausts

6. Design the thermal-mass contribution in relation to the climate and service conditions
of the specific building

The above list represents a holistic thinking paradigm, where we treat heat, air and
moisture as inseparable components in a complex called environmental quality manage-
ment. But traditional modeling deals with each flow separately. Heibati et al. [30] analyzed
the difference between the separate or integrated modeling using Energy Plus and CON-
TAM for the same building located in the extreme climates of North America. By using
temperature fields calculated in one model as input to the air flows calculated in the other
model the energy estimates under interactive conditions were obtained.

The co-simulation results contained in Table 1 are smaller than those calculated
separately. As the co-simulation is based on dynamic exchange of temperatures and airflow
rates for one-hour time steps, it may be considered as the first step of integrated modeling
of airtight and well-insulated two-story houses in Montreal or Miami. These cities represent
heating dominated and cooling dominated locations.
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Table 1. Comparison of annual total energy calculated by Energy Plus alone and co-simulated with
CONTAM for Montreal and Miami [30].

Total Yearly Energy Montreal Miami

Consumption (GJ)
Energy+ 26 19

Co-simulation 21 17

3. Whole Building Performance

It is one thing to specify that buildings achieve stated energy efficiencies; it is quite
another matter for that outcome to become a reality. To achieve it, professionals combine
two different conceptual processes. On the analytical side is a complex array of tools,
models and data describing materials; on the qualitative side is an assessment based on
the experience and skills to make a particular building function. This duality exists when
the actual design starts. The team brings to the forum experience from past work and
varying opinions on the means to achieve these results. Using computer language, this is
“off-line” information, while the tools and models used during the design are “on-line”
information. In the proposed approach, the on-line process is modified, namely, using the
guidelines for monitoring and the results of monitoring to create a model for the building
being analyzed [31–33].

Figure 1 shows the results of energy calculations performed using actual weather
data for a city in Central Europe [34]. Results are shown for two buildings, one with
light wood-frame walls and the other with a heavy concrete walls and somewhat reduced
thickness of insulation. Figure 1 shows that the cooling process stretches for three days for
the light and four days for the heavy wall. Another observation from Figure 1 is that the
difference between heavy and light walls is larger at the initial conditions, because more
heat is stored in the heavy wall, and becomes negligible when quasi steady-state conditions
are approached.

World 2021, 2, 13 199 of 215 
 

Table 1. Comparison of annual total energy calculated by Energy Plus alone and co-simulated 
with CONTAM for Montreal and Miami [30]. 

Total Yearly Energy Montreal Miami 
Consumption (GJ)   

Energy+ 26 19 
Co-simulation 21 17 

3. Whole Building Performance 
It is one thing to specify that buildings achieve stated energy efficiencies; it is quite 

another matter for that outcome to become a reality. To achieve it, professionals combine 
two different conceptual processes. On the analytical side is a complex array of tools, mod-
els and data describing materials; on the qualitative side is an assessment based on the 
experience and skills to make a particular building function. This duality exists when the 
actual design starts. The team brings to the forum experience from past work and varying 
opinions on the means to achieve these results. Using computer language, this is “off-line” 
information, while the tools and models used during the design are “on-line” information. 
In the proposed approach, the on-line process is modified, namely, using the guidelines 
for monitoring and the results of monitoring to create a model for the building being an-
alyzed [31–33]. 

Figure 1 shows the results of energy calculations performed using actual weather 
data for a city in Central Europe [34]. Results are shown for two buildings, one with light 
wood-frame walls and the other with a heavy concrete walls and somewhat reduced 
thickness of insulation. Figure 1 shows that the cooling process stretches for three days 
for the light and four days for the heavy wall. Another observation from Figure 1 is that 
the difference between heavy and light walls is larger at the initial conditions, because 
more heat is stored in the heavy wall, and becomes negligible when quasi steady-state 
conditions are approached. 

 
Figure 1. Structure type impacts the design cooling load versus cooling time, in days (From Fadiejev 
et al. [34]). 

Another comparison of older houses made in mid-1960s [35] showed a light-weight 
plastic house with an air-borne heating and mechanical ventilation had thermal mass ef-
fect a two-hour longer than a similar light house without air mixing. As a criterion for 
drying processes (under stable boundary conditions) one uses so called response time, a 
period needed to reach release of 50% of the thermal energy. Using the dimensional nota-
tions and semi-logarithmic plot one finds the response time at 0.65 for exponential and 
0.67 for parabolic interpretation of the process. The latter, i.e., 0.67 of the difference be-
tween initial and final temperatures is used here. Figure 1 shows for the light wall, the 
0.67 criterion is reached in 1 day while houses tested in mid-1960s showed response time 
6 and 8 h. 

The difference between 8 and 24 h in maintaining indoor comfort highlights the sig-
nificance of simultaneous requirements for airtightness and high level of thermal insula-
tion. On the other hand, a dynamic operation of the building and controlled contribution 
of a large thermal mass is required for a reduction of peak loads. 

  

Figure 1. Structure type impacts the design cooling load versus cooling time, in days (From
Fadiejev et al. [34]).

Another comparison of older houses made in mid-1960s [35] showed a light-weight
plastic house with an air-borne heating and mechanical ventilation had thermal mass effect
a two-hour longer than a similar light house without air mixing. As a criterion for drying
processes (under stable boundary conditions) one uses so called response time, a period
needed to reach release of 50% of the thermal energy. Using the dimensional notations
and semi-logarithmic plot one finds the response time at 0.65 for exponential and 0.67 for
parabolic interpretation of the process. The latter, i.e., 0.67 of the difference between initial
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and final temperatures is used here. Figure 1 shows for the light wall, the 0.67 criterion is
reached in 1 day while houses tested in mid-1960s showed response time 6 and 8 h.

The difference between 8 and 24 h in maintaining indoor comfort highlights the signif-
icance of simultaneous requirements for airtightness and high level of thermal insulation.
On the other hand, a dynamic operation of the building and controlled contribution of a
large thermal mass is required for a reduction of peak loads.

3.1. A Two-Stage Construction Process

Figure 2 shows that a good design may initially reduce utility bills without increasing
the cost and that some passive measures may create a small increase in the cost [36,37].
With a larger use of passive measures, the ownership cost (mortgage plus utilities) goes
through a minimum and continue to grow. There is another characteristic point on the
curve shown in Figure 2, namely a point of equilibrium in which the cost using the passive
measures is the same as photovoltaic (PV) energy. One may switch to PV sources of
energy and continue until reaching zero energy. This happens at a substantial investment,
typically about 50–70% increase of the minimum mortgage cost. Yet, the unpublished
experience from the Building America program indicates that a typical investor accepts up
to 10 percent increase over the reference cost.
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Mortgage & utilities, $/(m2·yr)
Thus, the rational design of low energy buildings requires a proper selection of

the reference buildings. In line with this need, the American Photovoltaic Institute se-
lected reference buildings based on the ASHRAE/DOE climate zones [37] and considered
115 locations for cost optimization that included air tightness, window upgrades with a
15 ◦C minimum interior surface temperature, heating and cooling demands, and peak heat-
ing and cooling loads. Statistical models were fit so that cost of the target properties were
generated for any location from parameters such as degree-days and design temperatures.
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In this way, the passive houses moved American housing one step closer to the goal of
sustainable development.

Figure 2 shows that a typical investment based on the money return at a prescribed
time, stops far below the zero-energy building. To alleviate this difference, one proposes a
two-stage construction process. In the first stage one achieves performance level possible
for the selected cost, while the second stage continues to optimize the cost for the Near Zero
or Zero Energy building. In the first stage the building is completed at a low performance
level (acceptable to the building code and the investor), while the designer proposed also
continuation to zero energy level. The second stage starts a few years later.

The second stage of the new construction project will be subject to the same financial
restrictions as a retrofitting project. Nevertheless, the stage two of any construction or
retrofitting project has the advantage of known property value and an estimated cost
of the new construction or repairs. This information is invaluable for a capital-secured
investment.

3.2. Rehabilitation of Buildings in Stages

As the two-stage solution is also suitable for retrofitting of existing buildings, one can
see below, in the Montreal project [38].

Atelier Rosemont in Montreal, Canada is a cluster of buildings designed for retrofitting
that spanned a period of 10 years [38]. Figure 3 shows a building with stages of energy
reductions that were started after 2008 (the base year: 0% energy reduction) to 2018 (92%
cumulative reduction), with steps that introduced:

1. High Performance enclosures; a common water loop; solar walls provided 36%
reduction

2. Gray water power—the cumulative energy reduction grows to 42%
3. Heat pump heating—all passive measures resulted in 60% reduction
4. Domestic Hot Water with evacuated solar panels to achieve 74%
5. Photovoltaic panels reduce external energy to arrive at 92% cumulative reduction.
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Figure 3. Stages of improvements from 2008 to 2018 in Atelier Rosemount, Montreal, (credit L’OeuF
s.e.n.c., with permission).

The Atelier Rosemount cluster included a mix of different types of dwellings including
social dwellings. This project highlights that modern thinking in construction eliminates
the boundary between new construction and retrofitting of old buildings. It also shows
that the two-stage approach with dynamic operation of buildings as proposed in the
EQM technology can become a reality including the proposed integration in time and
space [31–33]. Over the ten-year period, the building energy use in Atelier Rosemount fell
to 8% of the initial level as shown in Figure 3 [38].
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3.3. Making It Affordable

The above shown data agree with the experience gained from the Building America
program. A high level of thermal insulation and air tightness can reduce energy con-
sumption by 45–50% in cold climates. An example from the New York State discusses
the construction process [8], quality assurance [9] and the used energy modeling [10].
The passive measures can reduce energy use by 55–60% [11,34,36,38]. Adding heat pump
technology and geothermal and solar contributions to energy the total energy use can be
reduced to 70% in cold climates [39,40] and up to 80% in warm climates characteristic of
the United States or Asia [41,42].

Nevertheless, there is a need to manage solar gains, even in a cold climate they can
result in overheating. To balance heating and cooling may require major changes in design,
e.g., using different types of heat pumps (HP), a water-sourced HP coupled with ground
storage in cold climate, or a split-level HP coupled with large thermal mass in warm
climate. Other measures that should be considered are:

• Automatic systems designed already in the conceptual stage of design [43],
• Adaptable indoor climate approach and control systems to maintain the indoor envi-

ronment in the comfort conditions [44],
• Capability of post-construction HVAC optimization for all types of buildings and in

turn an introduction of new skills to the IDP team, namely an expert in automatic
control [33].

4. What Is Needed to Accelerate Energy Conservation

A summary of a conference published as “Energy efficiency and durability of buildings
at the crossroads” [41] was to increase the impact of future designs by Architects active in
Building Enclosure Councils in 34 large American cities. This paper stated:

“Yet, it is not clear how to achieve the major change that is required. However, it is
clear, based on past successful programs, that only a systems approach will achieve those
goals in the future. We are past selling magic new materials and miraculous one-issue
solutions. Every building, old or new, needs to be treated as a system in which every
component is a piece of the puzzle. Quick fix efforts for one or more components in the
building envelope, at best, may not achieve enough, and at worst, may cause damage.
This requires advice from experienced practitioners of all types. The green value of actions
is determined by the resulting building performance, not by the perception that an action
is green.

In this respect there is no difference between the evaluation process for houses and large
office buildings. Though, in the latter case we are highlighting the role of mock-up and
commissioning tests and the need for involving the full design team in review of those
elements since they have a fundamental effect on building performance.”

This position paper also quoted a United Nations report, namely:

“The good news is we have got a huge source of alternative energy all around us. It is
called energy conservation, and it is the lowest cost new source of energy that we have at
hand. Since 1973 alone, improvements in energy efficiency resulted in a 50% reduction
of our daily energy use, which is the same as discovering 25 extra million barrels of oil
equivalent every single day. Clearly saving energy is like finding it”.

Figure 4 presented at this 2008 conference [41], by Dr. Selkowitz, highlighted that market
forces must be supported by public/private initiatives. The 2030 objectives require actions
in both new and upgrading the existing buildings, the latter should be thermally upgraded
before 2030. Examining this figure mow, we appear to be on schedule in new construction;
while the retrofitting is a failure. Why?
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The failure may be explained by the fact that the integrated design process was
not used for the retrofit projects. Thus, while a progressive approach was used for new
construction it was ignored in retrofitting of existing buildings.

The 2008 white paper states:

“At the far end there is an AIA commitment to achieve a 2030 carbon neutral future.
There is a chasm that must be bridged if the goals are to be achieved and there is confusion
on how we can accelerate the process of renewal. Despite the large amount of knowledge
and industrial know-how available, we realize that the old vision has ceased to be valid.
We need to create a new vision because the stakes are high.”

Twelve years later, the authors continue the discussion started in the 2008 and after
evaluating many different ideas, the authors propose the following amendments:

(1) Both new construction and retrofitting projects should be divided into two stages to
solve the conflict between the limited investment funds and the society demands for re-
duction of the carbon emissions. Stage one is unchanged. Stage two must be designed
jointly with the first stage one but the construction will be started sometime later.

(2) All residential buildings should be operated under an adaptable indoor climate as the
transient indoor environment facilitate the contribution of thermal mass.

(3) In all buildings with possible exception of single houses one must use control systems
to operation of heating, cooling, illumination and ventilation.

(4) All building automatics is a subject to analysis of performance and improvement of
the heating, cooling and ventilation systems during the post-construction (at least
one year of occupancy stage because summer and winter conditions require different
set-ups).

(5) Even though the authors use an example of Energy Quality Management (EQM, or
thermo-active building energy management system) in this paper, the same method-
ology is applicable to other operating systems.

(6) One may consider using an individual monitoring and performance characterization
model of energy and indoor environment instead of existing parametric models.
Yet such models are only now being developed must first be evaluated under field
conditions.

The role of automatic controls for dynamic facades was highlighted in 2008 (Dr.
Selkowitz [41]).
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“This implies that windows with a high R-value and a moderate solar heat gain coefficient
(SHGC) should be used in cold climates. In hot climates, the energy flows are dominated
by solar gain which is highly variable depending upon climate, latitude, season, and
orientation, and needs vary—i.e., cooling load controls vs. daylight admittance and view
vs. glare control. Thus, in hot climates as well as in mixed climates, static control needs to
be replaced by dynamic control of solar gain. This approach should drive design strategies
and technology for the near term. In the more distant future, windows should become
even greater net energy suppliers by becoming more fully integrated with photovoltaic
capabilities.”

Now is the time to switch both opaque and transparent parts of the building enclosure
to dynamic operation. The improvement in film photovoltaics has a great potential to
increase the functions of both components of the facades. In this context, a small step
that may create a scientific revolution, is to treat the existing buildings not as the energy
problem but as the energy solution. This is an obvious conclusion for the Southern US
states, yet calculations show that even in NY state, shallow geothermal storage integrated
with water-sourced heat pump is viable.

A critical step introduced in this paper is a two-stage construction concept. It implies
that there is no difference between constructing a new building or retrofitting an old one.
The economic implications of two-stage construction are significant because the work is
carefully planned and the investment is financially secured. This is equal is valid for the
new construction as for retrofitting.

5. Universal Approach to Energy-Efficient Design

Forty years ago, average energy consumption in new residential buildings in North
America was 200–300 kWh/(m2·yr), today it is about 50% of the previous number [3,10] and
advanced buildings use about 25% of the previous number. The value of 70 kWh/(m2·yr)
is commonly used as the upper limit for low energy buildings. Thus, while an impossible
forty years ago, a merger of solar, geothermal and passive measures is not only possible
but also necessary today. Of course, the significance of solar and geothermal contributions
will be different between cold and warm climates, but the principles are the same.

As the total energy use depends on factors such as micro climate surrounding a
building, building type and size, number of occupants and on the degree of technological
development of the society, we should refrain from use of percentages or partial indicators
like U-value. The only criterion justified to define energy performance is the average
annual energy consumption per unit of the floor area. This can be established either with or
without consideration of the electrical devices used by occupants and used to characterize
a trend or for compare cases. Moreover, in practice one prefers using electrical energy
instead of the primary energy. This simplification is justified by the goal to decarbonize
construction as well as use of heat pump technology, where the favorable coefficient of
performance compensates the difference in efficiency of electricity production and transfer.

Effectively, the integrated, environmental design process may include four stages:

(1) First, all passive energy measures and factors affecting indoor environment such as
temperature, indoor air quality, acoustics, daylight, illumination, hot and sewer water
management, aesthetics and building resilience in disaster situations are addressed.
Energy design after including all passive measures in the step 1, follows to the step
2 and includes all low exergy measures, e.g., thermal energy storage, solar thermal
panels, convective cooling, and finally in the step 3 includes other renewable energy
sources, e.g., photovoltaic, thermal energy redistribution, electrical storage).

(2) Secondly, the building automatic control systems to integrate heating, cooling, venti-
lation, and other indoor climate controls including use of geothermal and solar means
for energy generation and storage is addressed.

(3) Next, an economic analysis to determine the level of investment for the initial build-
ing design or the initial stage of retrofitting. For example, one must decide to
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what extent should photovoltaics be included in stage one of the construction or
retrofitting process?

(4) Finally, one develops a comprehensive operational manual for the building and
provides the design for stage 2 of new construction or retrofitting. This step also
estimates costs for stage 2 of a project.

Except for identical treatment of retrofitting and new construction, the only difference
from the standard practice is the step 2. As building automatics is now included in the IDP
team, for an HVAC optimization one needs to perform monitoring of the field performance
and develop a model of energy performance characterization.

Furthermore, for building manual to appear, it must be requested in the contract
documents. Observe that no standard calls for a manual of operation for a passenger
car and yet all people expect to receive one. So, buyers could start expecting it for a
smart house.

5.1. A Concept of Energy Model for Control of Building Automatics

A concept of the neural network for monitoring and characterization of buildings
used with Environmental Quality Management has been described [10,12]. One starts
with monitoring energy performance, collecting data to the MSS (Modular Statistical
Software) as shown in Figure 5 [43]. Data collection includes information about energy use
in installations such as heating, cooling, ventilation, maintenance of relative humidity, re-
circulation of indoor air, and information about the exterior climate. The modular structure
of the software and the option of parameterizing the system allows user to tailor the
solution to a specific object as a connection to building automatics. While transforming it to
the form required for analysis, the MSS completes them with information from standards
and the actual building characterization. After some statistical analysis and removal of the
statistical outliers, the data set is prepared for use in the building automatic system.
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The system architecture is such that all client information such as external database,
weather data or BMS system information go through the interpreting module and the
layer of business logic to the application server being on the way transformed to the
structure needed by the MSS. The application server is responsible for performing all
operations: registering new measured data, reading all the raw data, performing aggre-
gations and statistical analysis as well as for communication with all modules including
internal database.

Results are presented in form of Tables and graphs and the output from the MSS is
used in the next stage of modeling.

After a feasibility study [11], a neural network for monitoring and characterization
of buildings with was developed for a real case of verification under steady room tem-
perature [43]. Using surface temperatures measured on adjacent rooms and operational
characteristics of heating and ventilation equipment one calculated the response of the
building exposed to the variable outdoor climatic conditions. The paper [45] showed ANN
model can estimate a mathematical relationship with high precision when following two
stage selection procedure: (a) for a number of neurons in hidden layer with view to network
stability and fitness under randomly changing initial conditions, (b) for relative errors of
the network. The absolute value of the relative errors (MaxARE [12,45]) was determined for
this estimator to less than 1.4% for each of the ANN development stages, which proves that
our objective of monitoring and field performance characterization in a complex interacting
environment can be reached.

While the papers [43,45] presented a road map for design and evaluation of ANN-
based model of the given performance aspect under the steady state, in the next step we
will expand the neural network for adaptable indoor climate conditions with thermal
gradient and air pressure gradient as two separate driving forces.

5.2. Application of Environmental Qualtiy Management (EQM) Technology

The concept of EQM technology was initiated ten years ago [44,45] and is far from
being completed. Nevertheless, this progress report can accelerate retrofits as the EQM
concept has already been verified in practice.

Historically, the thermal mass effects on energy consumption were eliminated because:

• Large glazing fraction and leaky wall window interfaces increased short circuits by
air and solar energy transfer across the walls,

• High precision in maintaining constant indoor air temperature eliminated effect of
heat storage

A large window delivers solar heat to a floor. With limited efficiency of air circulation,
one must reduce solar loads by shading or increase the capability for heat removal by
employing hydronic systems [31–33]. In the EQM technology one recommends locating
heating pipes in the interior walls and cooling in a perimeter of the kitchen floor. (Kitchens
and bathrooms have only floor heating system). Sometimes, the heating, cooling and
ventilation functions are combined, e.g., in retrofitting panels.

The location of radiant heating is important. Hu, using Energy+ with air-film co-
efficients typical for horizontal and vertical orientations showed significant differences
(Table 2) [45]. These panels had small thermal resistance, about 1.0 (m2·K)/W) while the
heating efficiency was about 90%.

Table 2. The effect of radiant panel location on energy demand in dynamic operations.

Location Heating Demand (GJ) Cooling Demand (GJ)

Wall surface 58 24
Floor surface 98 31
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Experience with low energy buildings in the NA indicated that traditional air mixing
methods are not sufficient to equalize summer room temperatures [39]. Thus, the EQM
technology proposes two additional measures for temperature equalization:

• Individual ventilation on demand in rooms with solar input.
• Use of a hybrid ventilation system with overpressure of the supply air. For this case

the current moisture management in walls is insufficient and must be improved.

Heating panels may include air gaps for individual ventilation [46,47]. This concept
is not new and studies on dynamic walls in Centre Recherche’ Industrielle de Rantigny,
France, in the 1980s, showed that the difference between static and dynamic thermal
performance of walls is negligible. When the wall is provided with an air gap to act as
a heat exchanger, one can also improve its moisture management by covering the wall
surface with capillary active layer. In this case, the air gap is contained between a capillary
active layer on the one side and the interior thermal insulation. The latter, generally is
provided with an interior water-vapor retarder.

In cold climates, in winter, air relative humidity is below 50%, and air passing through
a ventilated cavity may slowly remove moisture from the old wall as the capillary-
active layer is designed to enable transport of water from the wall to the ventilated
space [11,48,49].

5.3. EQM in the Context of Other Research Projects

The breakthrough in practical application of EQM technology came in 2020 with an
ASHRAE Technology Award that recognized outstanding achievements in innovative
designs of buildings for occupant comfort, indoor air quality and energy efficiency in
a Shogakukan building in Tokyo, Japan with Thermo Active Building System [42], that
is another name for EQM technology. Using night temperature of 19 ◦C and increasing
to 20 ◦C in the morning and later during a period from 9:00 to 15:00 increasing to 26 ◦C
thermo-active system followed the adaptive climate prescription. Hydronic radiant cooling
was installed in ceiling by using a box-like construction of the floor to replace the suspended
ceiling construction. The exhaust air from the room was used to cool the floor making a
double cooling system. Post-occupancy optimization of the HVAC (he second requirement
of EQM technology) was made in 2017–2018 and the cooling energy used by the building
was reduced to 12 kWh/(m2 ·a).

The layer of exterior thermal insulation in Shogakukan was very thick, namely 450 mm.
because the split between water and air in Tokyo was 50/50 while in the EQM technology
we require at least 90% on the hydronic side allowing reducing thickness of standard
insulation by about 50%. Use of concrete walls and floors is ideal from the thermal mass
point of view but having no choice we may resort to another means to provide interior
thermal mass to the building. Nevertheless, replacing concrete walls with multi-layered
structure will introduce a big and still unresolved problem of modern construction, namely
the interstitial air transport.

6. Discussion on Moving Forward

A booklet entitled “A building revolution”, published in 1995 [48] says: “design
decision today contributes not only to the local environmental problems but to the regional
and global ones, and to health problem as well”. The booklet tells almost all we know
today about excessive use of materials, wood in particular, water, unhealthy indoor air, the
need for climate sensitive design, preferential mortgages for green houses, give examples
that starting from 1985 to 1995 the fraction of triple pane windows grew from zero to
40%. Yet, this booklet, like many other books and articles did not affect the construction
tends. Why?

Builders respond directly to people’s needs. Within a few years of energy crises in
mid-1970′s the airtight houses became a norm. Yet, a ventilation rate in a single dwelling
located in a multi-unit building (despite airtight enclosure), varies all over the map, because
builders do not understand interzonal and interstitial air flows. One may talk about energy
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efficiency and quality (performance) but these are not measurable quantities and as long
as we do not couple them with those features that the occupant understands e.g., thermal
comfort, heating or cooling bill we will not affect the market place.

6.1. Looking for the “Market Pull” in Retrofitting

Individual comfort and control of the indoor environment are the established com-
ponents of the market pull, now the Covid19 experience is adding the need for variable
ventilation rates and possible elimination of recycled air. Less important but still on the
positive side is elimination of visible heaters or ventilators in favor of devices hidden in the
construction. Finally, on the cost side we are looking for trade-offs. Concept of the Passive
House in Germany won because the funds were reverted from very expensive boilers to an
improved building enclosure.

One proposes a two-stage construction pattern to both new construction and retrofitting
to ensure that the second stage of construction becomes a subject to low-risk, long-term
capital-based financing. As such it may generate funding for local contractors and sup-
pliers to boost to the job market but the occupants will be able to improve their comfort
and reduce the cost of home ownership and thereby the society will reduce the carbon
emissions. Therefore, one will use the holistic approach and a streamlined design process.

Inclusion of building automatics significantly increases the cost of buildings so it
must be seen as a necessity for integrating indoor environment with energy, as means to
introduce monitoring application for performance evaluation (MAPE) that in itself leads to
HVAC optimization and smart house development. The main reason for exposing the role
of building automatics is the fact that it is an enabler to many small improvements and
modifications that compounded willr educe the cost of the building system.

6.2. Using Adaptable Indoor Climate

The main reason for the reduction of the climate impact of buildings is the fact the
proposed design is based on adaptable comfort (De Deer, [49]). Hancock and Warm, pro-
posed the extended-U model, called a Maximal Adaptability Model that discuss relatively
stable broad range and rapidly deteriorates at the boundaries of thermal acceptability as
illustrated in Figure 6. Over the whole optimal range of the indoor temperature the relative
performance does not fall less than 4 percent. Effectively, if the temperature changes slowly
e.g., 1 ◦C during 1-hour period, occupant do not feel any discomfort. As standards in
Europe and North America permit using adaptable climate, the only reason for keeping a
constant indoor temperature can be a tradition. Seventy years ago, a thermostat relied on a
contact between platinum wire and mercury. Later people tried to vary thermostat setting
to find that what they saved on switching once, they lost on switching back because they
modified only one factor in an inert passive system. Today with advanced, active systems,
coupled with thermal mass contribution this is a non-issue.
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Adaptable comfort was used in the Tokyo’s application of EQM technology (termed
as thermo-active) [42] and is critical to all climates having large difference between temper-
ature during day and night. It is also critical if an increased effect of thermal mass (or other
means of energy storage) is used for interaction of the building with smart electrical grid.

6.3. Understanding Air Flows in the Building

The second critical of the proposed design relates to understanding of air flows
in buildings. This part of building science is probably one most neglected area in the
construction practice and not much progress was made since 1990′s when the interstitial
airfield was defined [50–52]. The model shown in Figure 7 represents an electrical analog of
the hotel room [50]. The airflow rates are represented by current, differential air pressures
(V) and the flow resistance relates to the air leakage path (R). Ambient air pressure under
no wind is considered as electrical “ground.” Electrical generators represent the “drivers”
such as wind, stack and effects of mechanical systems. Alternating current generators (AC)
represent wind whereas direct current generators (DC) represent stack effects (temperature
differences = constant voltage), exhaust or supply for HVAC system (generator with
constant current). The DC generators are used in two different forms, in one form they
provide a constant voltage, and in the other form they provide a constant current. This is
analogous to representing the stack effect (constant voltage) and an HVAC system flow
(constant current). This approach was used in Sweden and USA since 1960′s to highlight
connectivity of building spaces and the leakage effects of HVAC systems where the nodes
represent either rooms or interstitial spaces. One can see the mass balance at each node
while allowing the introduction or removal of flows at intermediate “nodes.”
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As we know, calculation of energy is not possible without consideration of air flows
through the enclosure and interior walls of the building [50] we have introduced as the
gradient of air pressure as a second driving force in the ANN energy model. Nevertheless,
research should be undertaken to develop test methods for the control of air movements in
buildings because they are critical for control systems and this knowledge will decide if
progress in energy efficiency and indoor environment is achieved. As long as ventilation
was roughly constant one could measure flows and adjust some valves connecting air ducts,
but with recent progress in variable ventilation rate in is a need to quantify air flows more
precisely and this becomes an important area for research needed for dynamic operation
of buildings.

It is easier to control dynamic air flows if an over-pressure of air is used. But to do
so, there is a need to control the moisture balance in materials. Furthermore, to perform
interior retrofit it is often necessary to dry existing walls or even roofs and the whole new
technology of ventilated air cavities with or without capillary active layers is this second
necessary area of future research.

The lessons from Covid19 are clear. In traditional mechanical ventilation systems
only part of the air is removed, and the incoming fresh air is mixed with the returned air
in an air handling unit. We talk about air dilution because the whole volume of indoor
air is removed in a period of 2 or 3 h. Even in the carefully controlled ventilation, e.g., in
the cabin of the airplane, a natural convective heat of passengers powers an internal loop
mixing the old and fresh air. Effectively, when we talk about reducing ventilation to the
level need for breathing, i.e., air exchange rate 0.33 ach it means that the whole volume
is air is removed in 3-hour period, we assume that there are no stagnate zones of air i.e.,
a perfect mixing in all spaces. This is a minimum of ventilation for a cold day of winter.
Yet, in spring or fall when we have excess thermal energy stored in the walls or furniture,
we should be able to have 300% of the minimum and if here is someone with flue or other
airborne virus, we need perhaps reduce the time of air exchange to 1

2 h i.e., have 600% of
the minimum. Design of such a ventilation today is as easy as the standard ventilation and
a number of papers were recently published in California (where the climate is the envy
of many) explains it advantages. The same is possible in other climatic zones, under two
conditions (a) we must use an integrated design and have a precise model energy to tell us
for how long we may increase ventilation to a given level not to modify room temperature
for more than one-degree K (two- degrees F).

In this context, the lesson from Covid19 is that all residences could benefit from using
the so called DOAS (direct outdoor air supply) technology. The central supply of air is
going first through a heat exchanger, dehumidifier and HEPA filter and is pressurized
to 10 Pa above the reference level. Each exhaust air outlet should be placed on the same
floor level, air going either through a separate heat exchanger or through the wall that
functions as a heat exchanger. Adding exhaust ventilation on demand is optional. It can be
installed in solar exposed rooms with large area of windows and provided with a manual
or automatic operated exhaust ventilator. An automatic function of the ventilation system
is used during the nighttime to clean the whole dwelling (and to reset it to a reference
temperature if an adaptable climate control system is used).

6.4. Increasing Interior Thermal Mass in the Building

Adaptable comfort was used in the Tokyo’s application of EQM technology (termed
as thermo-active) [42] and is critical to all climates having large difference between temper-
ature during day and night. It is also critical if an increased effect of thermal mass (or other
means of energy storage) is used for interaction of the building with smart electrical grid.
The Tokyo application [42] uses concrete as it has the thermal mass and physical properties
suitable for mechanical loads in Japan, yet concrete exterior walls are not likely to be found
in our buildings. This forces us to consider what would be the best modeling capability for
a distributed mass.
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There are two possible approaches in modeling: (a) simultaneous simulation (co-
simulation) of two differential equations models or (b) monitoring and ANN-based perfor-
mance model. Speaking about approach (a), some work showed co-simulation of Energy+
and Contam [30] give results different from running these models separately but does not
improve precision of these models. Conversely, using a modular statistical package [10],
and ANN model [45] appears to give much lower uncertainty. The issue was partly dis-
cussed elsewhere [40,53–58]. Yet, considering that ANN model is capable of addressing the
real occupancy and climate factors measured under field conditions, we decided to share it
with other researchers.

As Confucius said “the 3000 miles journey must be started with a first, small step”; this
paper is a step on the path to building automatic controls to provide a dynamic operation
of buildings that are based on the adaptable indoor climate and upon these conditions the
type (b) model is a winner.

In September 2019 issue of ASHRAE journal, there is an article entitled: “Renovation
extends Building Life 100-year” [59]. It presents a transformation of an old US Army
warehouse into energy efficient community cultural center and home for 21st century art
students. The article says: The project is a model for sustainable renovation as it promotes
economic and environmental values by addressing thermal mass, daylight, tempered and
filtered direct outdoor air supply (DOAS) ventilation and high efficiency radiant slab for
heating. Energy bills are 76% better than modeled results.

7. Future Research

In the first part of the paper, we presented the background that led to the integration,
in the second part we exemplified the integrated concepts of the building science and the
following, closing part of the paper we identify the critical research issues that needs to be
addressed in the transition to the next generation of the building science. We group these
issues in the following sections.

7.1. Real Time Hygrothermal Modelling

1. Improve Hygrothermal Models in the Following Aspects:
(a) the continuity of momentum for water transport on all boundaries i.e., linkage

between rate of the flow inside of the porous medium and in the air as the current model
use Lewis analogy that is not valid for a multiphase waterflow,

(b) introduce the independent domain approximation for dealing with the capillary
hysteresis of water,

(c) introduce the limit of water saturation for modeling of air flow without effect of air
entrapment

2. Verify Experimentally the Transfer of Water Vapor to a Moving Air in Ventilated
Cavity for the Whole Range of Laminar, Transitory and Turbulent Flows

3. Develop a test method for determination of air connectivity of the exterior enclosure
with adjacent materials or spaces

4. Introduce correction for (1.2) to energy model conforming to the requirements (1.1)
and compare with a verification field measurement

7.2. Monitoring Application and Performance Evaluation (MAPE)

1. Provide guidance on monitoring those properties that are needed for the ANN model
2. Verify ANN energy model on dynamic application to the real case of evaluated building

7.3. Wetting and Drying of the Capillary Active Material

1. Develop capillary active board to replace current dry wall (MgO or gypsum based)
2. Study its performance on at least 2 m long cavity to establish the sequential drying

and wetting regions
3. Establish optimum overall conditions and guidance for application of the ventilated

cavity in moisture management
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Completing the elements from the above list would permit one to use over-pressurized
supply ventilation with the dynamically ventilated interior cavity that is a proposed
solution for the interior retrofitting technology.

8. Closing Discussion

“It’s a strange thing about the human mind that, despite its capacity and its abundant
freedom, its default is to function in a repeating pattern.” Nicole Krauss in a letter to
Van Gogh

These are the words that come to mind when thinking about the history of residential
buildings. Activity, started about 5000 years ago, looking from user point of view, only
about 100 years ago became organized in scientific manner, has always been based on
a tradition. There is an ongoing transition to science, yet it is not complete. When the
transition is complete, Building Science has the potential to be highly efficient with impact
on the rate of climate change.

To understand how complicated is the retrofitting situation today, we return to 2008,
when a Federal and New York State Governments sponsored project “High Environmental
Performance” (HEP) house in de Witt, NY was completed. This project was to verify the
potential for passive retrofit measures and the yearly use of energy by the HEP house was
55% lower than one required by the 2004 NY standard. In 2008, at a national conference
the Lawrence Berkeley National Laboratory (LBNL) presented a plan for the future energy
reductions. It included two routes, one with a 90% reduction in new buildings and the
second for retrofitting of all existing buildings. While the first route is on track, the second
one is stalled. This is a serious problem that must be addressed because there is abundance
of technology that is not used in retrofitting.

On the side of technology, we have presented an award-winning technology demon-
stration in Japan [42], recent progress in the increased ventilation approach in California,
new developments in ANN technology where a full-scale test showed the total uncertainty
of 1.4%, for energy [45] and 4% for indoor climate [55] i.e., a precision beyond the capability
of the traditional modeling. We highlighted the synergy between various measures used in
Tokyo building [42] and US Army warehouse [59].

On the side of science, we explained that in 1947, building physics introduced an air
cavity behind rain screens to control rain penetration. In 2020, building physics focused on
the indoor environment, postulated presence of a second air cavity dividing the existing
(structural part of the wall) from interior environmental control panels. The presence of
cavity permits to use one of the two approaches: analytic or analog. If analytic approach
can be used, the second air gap jointly with thermal insulation, phase change materials
and/or capillary active layer will provide a heat and mass exchange function. If the risk
for freeze-thaw damage is small, e.g., moderate climate, the air and moisture barrier can be
applied on the surface of the existing wall allowing on environmental separation of both
parts of the wall. Thus, if it is not the science or technology than it must be the lack of social
responsibility that prevent the progress in retrofitting. While new building construction
has long time ago moved towards the scientific basis, the retrofitting still clings to rapid
return on investment on separate actions instead of the whole system.

Kuhn [60] observed that evolution, with small changes accumulating for some time,
creates a situation when a big and noticeable change (often called a revolution), takes place
for almost no reason. Today, we observe that such a revolution is waiting on the society
push and the smart building technology will come through.

9. Conclusions

The above paper may be summarized with the following are the conclusions:

1. We have technology to retrofit existing buildings but to use it we must change the
paradigm of our thinking. We cannot continue designing pieces and put them together,
we must first design the whole system and select material or components to fulfil
specific functions that satisfy the system.
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2. When using integrated design process and trade-offs between subsystems we may
reach the required effect with lower cost and make retrofitting affordable.

3. To this end we propose:

(a) 2-stage construction process
(b) Use of heat pump and geothermal and/or solar energy with a storage of

its excess
(c) Integration of hydronic heating, cooling and hybrid ventilation sources with

the building enclosure or interior partitions
(d) Building automatics as a part of design that enables electronic control of

thermal mass contribution in the adaptable indoor climate
(e) Building automatic system includes a monitoring application and performance

evaluation (MAPE) system to increase the occupant comfort and reduce energy
use containing a Modular Statistical System and an Artificial Neural Network

(f) The MAPE system increases the flexibility of energy demand and improve
the building interaction with an electrical grid. The indoor environment is
design to allow 5 ◦C daily changes over 5 or 6 h period and resetting at the
time selected by the grid load distribution

(g) Panelized system, for ensuring the quality assurance and labor training for the
field installation

4. An example of environmental quality management (EQM) technology was used to
demonstrate the approach to retrofitting design, the subsystem used in the EQM
can be modified as long as the main elements of EQM such as system integration
that includes heat pump, some type of energy storage, solar thermal and PV panels,
2-stage construction process and building automatics are included.
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