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Domestic greywater produced via household chores has a major contribution to

environmental pollution and is also the best-untapped energy source. Since the past

decade, in the different fields, enormous efforts have been made to reach the bio-

energy from bio-waste. These efforts consist of a wide range of thermochemical, bio-

chemical, and microbial fuel cells; etc. however, all these efforts are in their infancy.

They have high cost and are efficient on a large-scale; furthermore, these efforts used

a non-intelligent process that has led to lack of development in this type of review. This

ongoing research presents the smart design process that leads to hybrid energy via

the intersection of computation, wastewater, and microorganisms and aims to introduce

the novel bio-computational machine based on particle Physics. Therefore, we will

investigate the mixture of the microbial fuel cells, specifically “Spirulina” micro-algae,

and household chores greywater. In the computational framework, we propose high-

precise fluid simulation with the advantage of particle position and dynamic physics for

the conversion of the mixture of “Spirulina medium,” and household chore greywater

makes energy control possible through flow, and management of the type of solution

mix, by transferring data from the modules to the digital environment. Finally, these

datasets simulate behavior based on the physical properties of each particle. The

procedure works in a parametric computer-aided design (CAD) environment and through

Grasshopper within Rhinoceros Software by syncing bio-computational machine to the

digital environment. The solenoid valve and fluid flow controller applied between the

nutritious tank and energy conversion tank measure nutritional consumption and sends

it to the digital environment numerically with an Arduino-Uno board kit. These batch

numerical signals are stored in our local database then are combined with the particle

physics engine and simulate the material behavior; also, they provide the ability to control

our bio-computational machine digitally.

Keywords: bio-energy, microbial fuel cells, biocomputation, residential buildings greywater, particle-based

systems, position-based dynamics, high-performance architecture

INTRODUCTION

Buildings are among the significant wastewater producers, whose production volume is increasing
due to population growth, improved living conditions, economic and technological development
(Asano et al., 2007). domestic wastewater, produced by buildings, which consists of blackwater
(from toilets) and greywater (from kitchens and bathing) is a critical source of toxic chemical
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compounds, gases, and biological contaminations (Strauss et al.,
2003; Adamus-Białek et al., 2015). Which transfer and collect
them on a large scale may have a direct impact on the
surrounding environment. After being transferred to municipal
wastewater treatment plants, this type of wastewater can be
reused through large-scale processes, high cost, and equipment
complexity (Kalogo and Monteith, 2012). “In the last decade,
enormous efforts were done to reuse wastewater, each of
which benefited from technological developments such as:
microfiltration, ultra-filtration, and reverse osmosis membranes;
the use of ozone coupled with biological filtration, low, medium,
and high energy UV disinfection; high energy UV advanced
oxidation, these treatment processes can now be used to remove
acute toxicity (e.g., microorganisms) and chronic toxicity (e.g.,
chemical constituents; Angelakis et al., 2018). Most of these
efforts are aimed to refine and reuse wastewater to support
various applications water resources” (Sato et al., 2013). Lack of
attention to the potential of other phases of wastewater, inability
to have computational control of processes and the complexity of
large-scale equipment have led to wastewater’s use as an untapped
energy resource available at the initial stages (Lahnsteiner et al.,
2013). Domestic greywater produced via residential buildings at
the architectural scale has great potential for reuse as an energy
resource before entering the municipal sewage system due to its
high-volume production and unique contents (Bond and Lovley,
2003; Johnson and Wen, 2009; Doulaye et al., 2010; Harun et al.,
2010; Ozkan et al., 2012; Kara and Georgoulias, 2013; Kesaano
and Sims, 2013; AQUASTAT, 2014; Global Water Intelligence,
2014; Samsonoff et al., 2014) (see Figure 1).

Microorganisms, as an agent, perform an essential role
in wastewater treatment, the use of microalgae and their
combination with wastewater to separate toxins has been
investigated in several types of research. “These types of
microorganisms are a diverse group of photosynthetic
Microorganisms, which can produce several economically
valuable bio-products, including proteins, omega-3 fatty acids,
and powerful antioxidants, as well as feedstocks for biofuels”
(Ozkan and Berberoglu, 2013; AQUASTAT, 2014; Adamus-
Białek et al., 2015). Micro-algae biofilm cultivation has been
gaining attention as an alternative to the suspended growth
of micro-algae for metabolite production and wastewater
treatment for many years. large biomass concentrations can
be obtained with minimal energy and water consumption by
using these systems (Chang, 2004; Chisti, 2007; Boelee et al.,
2012; Bruno et al., 2012; Ozkan and Berberoglu, 2013; De Wilde,
2014; Drechsel et al., 2015; Duro Royo, 2015). “Attached algae
cultivation can be applied in photosynthetic microbial fuel cell
systems (MFCs) for electricity production. In these systems,
the photosynthetic microorganisms are cultivated as biofilms
over the anode, electrons generated from water splitting by the
photosynthetic organisms are harvested at the electrode, creating
an electrical current” (Ozkan and Berberoglu, 2013; Global
Water Intelligence, 2014; Gajda et al., 2015). As microalgae
carry electrons, they can be deionized through electrodes,
and with the advantage of this process, reach bio-energy can
be obtained from these microorganisms. Due to this ability
and detoxification by this type of microorganisms, they can

be used as a multifunctional microorganism to purify and
extract energy from wastewater in a controlled electrochemical
environment. The deionized microalgae’s electrons by electrodes
and the residential buildings’ greywater contents provide a
direct energy extraction substratum from combining these
solutions (De Wilde, 2014; Gajda et al., 2015). On the other
hand, the physical environment’s connection to the digital
environment can fill the significant gap existing between
predictable output energy and desired energy by controlling
the effective parameters and controlling the mixture between
microalgae medium and residential building’s greywater in
the structure of bio-computational machine (Heidari and
Mahdavinejad, 2017; Heidari et al., 2018). The transfer of
required information from the physical environment to
the controlled electrochemical environment provides an
opportunity to adapt the tools of both domains, ultimately
leading to customized control at various scales and affecting
multiple manufacturing industry applications.

This study aims to produce a controllable biocomputational
machine as a novel method for producing functions of
microorganisms in various applications. This research
investigates the residential buildings’ greywater (handwashing
greywater and Kitchen activity greywater) with Spirulina
microalgae medium used as the bio-computational machine
ingredients, as an example, and the output hybrid energy as
its function. Since the behavior of this machine’s components
is based on the constituent particles, particle physics has
been used to implement the project goal. The use of particle
physics enables us to control each particle’s behavior in a
digital environment based on the spatial points. Particle
control will lead to fluid control and ultimately control the
bio-computational machine itself and the desired output
function. The behavior of materials simulated by high-precision
engines in the CAD environment through Grasshopper within
Rhinoceros software can be changed and controlled through
various modules used in different parts of the bio-computational
machine. Modules control the output function or hybrid
output energy by changing the amount of material mixing
and controlling their injection timing. Two solenoid valves
regulate fluid injection timing and a double relay, then the
fluid flow module controls the fluid flow rate, and the solution
level control module controls the fluid level via theoretical
framework. The design of intelligent structures in the present
era focuses on using the potential of materials to increase the
performance of these structures and eliminate the gap between
design and manufacturing (Fleischmann et al., 2011; Schleicher
et al., 2015). This method usually starts with experimentation
materials in a physical environment. It proceeds with simulation
and modeling of behaviors in a parametric environment.
In the next step, the behavior of materials can reach the
designer’s goal by regulating the parameters affecting these
behaviors (Schleicher et al., 2015). “Despite all these efforts,
fully integrated, material driven digital models are yet to be
implemented in off-the-shelf software to enable design processes
that are fully informed by material behavior” (Tamke et al.,
2014; Schleicher et al., 2015). Success and development in
reviewed methods occur when the structure’s components
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FIGURE 1 | The process of municipal wastewater production to reuse [adapted from AQUASTAT (2014)].

are not homogeneous, and the diversity of information in the
processes is entirely interdisciplinary.

This strategy increases the power of control over processes
to predict and test multi-objective goals for intelligent structures
(Kara and Georgoulias, 2013). The materials and details in these
structures act as agents, embedding the data where needed and
moving it through various environments of different materials to
capture physical Environment data. The designer also receives
this data through written algorithms and modules installed
in the real environment. This method is very efficient by
translating the desired physical environment’s data through
materials and modules and finally shifting it to the digital
environment to adapt and respond to contemporary problems

and transform the complex design process into simple processes.
The development of intelligent systems and machines to achieve
the designer’s desired goals confronts a crisis of information
management affecting system’s mechanism. The increase of
parameters affecting the design, manufacturing, and internal
mechanism of systems has made it difficult to control them
simultaneously in the physical environment. It has created many
limitations in the installation process to achieve the desired goal
of the designer. These machine’s information modeling creates
multi-functional capabilities and shows digital flexibility on a real
scale with minimal cost and power. In hybrid systems, due to
the diversity of components, whether they are alive or not, it
is impossible to achieve the desired output without computing
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FIGURE 2 | Particle properties in position-based dynamics engine.

materials and modeling machine information. The computer-
aided design and manufacturing process helps to integrate
intelligent systems’ design and installation and customize the
target process in the machine mechanism by designer-written
algorithms. In typical examples in various industries, this
is achieved by exporting the virtual design into a specific
machine file format (Chang, 2004; Sass and Oxman, 2006;
Sheil, 2013). With the development of computational design
in the second half of the twentieth century, early ideas
of computation in material evolved into generative design
approaches in architecture and other fields. In architecture,
material computation is a type of generative computational
method in which functional complex development drives by
algorithms and adapts them to a real environment (Hensel et al.,
2004; Steadman, 2008). However, during the last decade or so,
as computational simulation methods advanced, there has been
a turn toward integrating material properties and behavior. As
a result, invention techniques and material systems develop to
integrate sustainable, responsive, renewable biological materials
into Hybrid architectural components (Menges, 2012; Oxman
et al., 2015).

POSITION-BASED DYNAMICS AND
PARTICLE PHYSICS

“A particle-based method in general refers to the class of mesh-
free methods that employ a set of finite number of discrete
particles to represent the state of a flow system and to record
the evolution of the system (i.e., their positions and velocities)”
(Liu and Liu, 2003; Ye et al., 2016). In this process, the behavior
of fluids is predicted based on the action of particles that makes
them up so that each particle runs based on the properties
defined for them (see Figure 2). These properties include particle
index in a group of particle type, three-dimensional spatial
position, velocity, mass, type of fluid, and the activities relative
to other particles. In fluids composed of two different materials,
grouping is required; it means that two groups of particles
with different properties are fused (Van Zon and ten Wolde,
2005; Yu et al., 2012). When two materials are mixed, another
critical factor is formed in particle physics: how particles collide

and how they behavior after the collision. The simulation of
such behavior is based on the dynamics of position in three-
dimensional coordinates. Exploring the recent state in this field
of science presents an optimal view of the previous approaches
and context. Past approaches were performed to simulate particle
dynamics based on internal and external forces. Internal forces
include elasticity, and external forces include gravitational forces
(Müller et al., 2007; Tsai, 2017). This type of approach is based
on Newton’s second law and the control of forces based on
time steps. “Then a numerical integration technique like explicit
or implicit Euler integrator is further applied to estimate the
new velocity, and then position at the end of a time step. The
former is conditionally stable and accurate if a small-time step
is adopted. In contrast, the latter is unconditionally stable even
though a large time step is adopted, but inaccurate. In order
to achieve a trade-off between them, position-based method
simply adopts a fast semi-integrator, simplistic Euler, to evaluate
external force like gravity. Furthermore, instead of gathering
internal forces to compute acceleration and velocity, the vertex
position is directly manipulated and controlled to solve internal
constraints, like stretching, bending, or volume constraint, and
collision constraints such as mutual-collisions between objects
or self-collisions of an object” (Müller et al., 2007; Tsai, 2017).
The simulation of these particles with two different engines
is done by dynamic and static data mining. In the dynamic
mode, the dataset is transmitted simultaneously, and the system
makes decisions based on the instant behavior of the material. In
the static mode, the data is transmitted at specific periods and
is checked by a high-precision engine. High-precision physics
engines are often contrasted with real-time simulation, and in
some particular examples, the real-time technique is used to
increase the simulations’ accuracy. Contrary to public belief, real-
time physics engines despite simulation materials and optimal
capacity for effective interaction between digital and physical
environment have little accuracy and is in fact the appearance
of particles’ behavior based on shape changes. In this project,
we used high-precise simulation with the advantage of position-
based dynamics to increase the details and accuracy of simulated
data in the digital environment. And we simulated the real-
time signals based on the high-precise engine. Finally, depending
on the simulated behaviors through high-precision simulation
engines, we controlled the modules.

METHODOLOGY

Materials
The biocomputational machine proposed in this study generally
consists of three tanks, two primary tanks and one final
tank to combine materials (hybrid tank); two primary tanks
consist of two separate materials: residential buildings’ greywater
(including handwashing greywater, kitchen activity greywater)
and Spirulina microalgae medium. The second material is
investigated as an agent material to reuse the first one, deionized
through electrodes simultaneously for energy extraction. To
perform desired domestic greywater potential from residential
buildings and investigate the different output energy related
to material contents, two types of greywater were combined
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TABLE 1 | Residential building’s gray water nutrients type A-kitchen activity

(washing the dishes).

Component Amount pH Temperature

Phosphonic acid 35ml 9 28◦C

Potash solution 0.2ml 8

Sodium silicate 10 g 12.4

Sodium hydroxide 10 ml 12

Soda ash 1.5 ml 11.3–11.7

Sodium sulfate 10 g 7

Sodium bicarbonate 50 g 10

Ethylenediaminetetraacetic acid 25 ml 11.3

Titanium oxide 5 ml 7.5

Lipid 15 g 7.4

Protein 40 g 5-7

Carbohydrate 25 g 6.2

Microorganisms

Detergent AN 25 ml 6–8

Amphoteric 20 ml 10.5

TABLE 2 | Residential building’s gray water nutrients type B-handwashing (with a

special handwash liquid).

Component Amount pH Temperature

Glycerol 21 g 7 28◦C

Sodium stearate 7.5 g 10–11

GMS 2g 7

Sodium hydroxide 1 g 12

NaCl 50 g 7

Potash 4.5 g 8.8

Sodium bicarbonate 4 g 8.4

Calcium carbonate 9 g 8.5

Sodium sulfate 10 g 7

Ethylenediaminetetraacetic acid 10ml 4–6

Titanium oxide 5ml 3.2–6.8

Lipid 12ml 4–7

Microorganisms

Blood 1ml 7.4

Carbon 3mol 3–6

with microalgae culture medium (see Table 3). The first was
greywater produced in the kitchen activity (washing the dishes)
(see Table 1) and the next type was greywater produced by
handwashing) with a special hand wash liquid (see Table 2) in
the residential buildings, each of which had different nutrients.
each material was injected into a primary tank and the input
tanks were set for the hybrid tank. The ingredients of the primary
tanks were not directly related to the main sources of materials,
and in this study, these tanks were manually filled once to
the extent of their volume capacity. In the hybrid tanks, the
materials mentioned in the primary tanks above were mixed in
two different types: type A. Combination of residential building’s
greywater nutrients type A- kitchen activity (washing the dishes)

with Spirulina microalgae medium culture nutrients and type B.
Residential building’s greywater nutrients type B- handwashing)
with a special hand wash liquid (with Spirulina microalgae
medium culture nutrient. how to combine them or how to
time the opening of the solenoid valves in each of the primary
tanks is written through our defined controlled electrochemical
environment in CAD with the advantage of python “PyFirmata”
library. The solenoid valves and primary tanks are connected to
the hybrid tank through two plastic pipes, and a 1/2 conversion
has been used to connect the solenoid valves to these pipes (see
Figure 3). The microorganism was grown in the initial culture
medium tank, to the maximum liquid density, and was injected
to the hybrid tank by solenoid valve timer within plastic pipes.
This process was repeated for each test on different types of
greywater in the initial tanks. Simultaneous with controlling the
injection of algae-saturated culture medium through electrical
valves, each type of greywater was injected into the hybrid tank
with a separate electrical valve by different timings. When these
twomaterials were combined, the greywater acidity enhanced the
deionization of the solution in the hybrid tank. It regenerated the
final solution into a powerful electrolyte.

Computational
Writing to Environment

The computational part of this research in CAD environment
consists of two parts: A. Writing to environment and B.
Reading from environment, in the first part, the machine control
computation and timing of module activation are performed by
connecting the digital environment to the physical environment.
The components of a biocomputational machine, including
materials and modules, make up the physical environment. In
this study, electronic modules receive pulses from a script written
in Grasshopper in combination with the Python component
by using the “PyFirmata” library via the Arduino-Uno Kit.
Various electronic modules and the Arduino Uno kit are used
to control the effective parameters in the bio-computational
machine. These modules include the solenoid valve, fluid flow
module, and solution surface level module installed on the
Arduino kit through the breadboard. The solenoid valve input
voltage is 12V, and the Arduino kit cannot accept such voltages,
so a double relay is used to convert the voltage of the solenoid
valves to connect to the Arduino. By connecting this tool kit
to the digital environment, we can write the desired commands
through them in the bio-computational machine and control
how to combine different fluids with different injection timing
through the digital environment. Plastic pipes are used to connect
modules to the hybrid tank with a diameter of 1 inch. Because
the module outlet diameter is not the same as the plastic pipes’
diameter, to connect the modules to these pipes, we used a
1/2 steel converter. At the connection points of these pipes to
the hybrid tank, the same converter with plastic material was
used in reverse type. All tanks (two primary tanks and hybrid
tanks) are made of glass, and because the primary tanks are
filled manually, the inlet valves are mechanical. An algorithm
is used to provide the CAD environment’s controlling process
through Grasshopper within Rhinoceros software. The pulses
are read from the solution surface level module (located in
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FIGURE 3 | Details of tools.
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the hybrid tank) and are synced with the commands written
by the injection modules (in the primary tanks’ path to the
hybrid tank) intelligently. To measure the output function of
this bio-computational machine or hybrid energy, aluminum
and copper electrodes with a multimeter connected to them
have been used. A change in the inputs causes a variance in
the output energy, and by connecting its numerical value to
the digital environment, these values are placed next to other
controlling parameters of the bio-computational machine. How
to combine the materials in the primary tanks is done through
a timing algorithm connected to a set of algorithms (written
to solenoid valves) then the combined values of each primary
tank are estimated according to the timing of solenoid valves
and pipe terminal flow; in the digital environment, they can be
calculated simultaneously. In this study, in addition to simulating
the behavior of materials within a biocomputational machine,
through four ultrasonic modules, the initial growth data required
to simulate the behavior of materials based on particle physics
are given to the digital environment. Ultrasonic sensors in the
upper part of the medium, with a 15-degree operating radius,
scanned the environment in real-time. Each sensor had a power
frequency of 40 kHz and a precision of 2mm, which covered
1/4 range of the cultured surface. Each sensor was triggered
20 times per second. Ultrasonic sensors were designed only
to detect the first echo. Thus, other echoes might be affected
when the sensor was triggered again. Therefore, we designed
an algorithm that reflected the receiver system. It was able to
achieve 5 more pulses in each trigger. As a result, every 5ms
we got the numerical value of 5 echoes in the form of an

array. We divided the level of the receiving waveforms into four
parts. Each segment received its own unique five-point signal.
These batch numerical signals are called by Gh-python remote
in the Rhinoceros environment. We used the “pyserial” library
to read port serials (Figure 4 represents the ultrasonic sensors
scanning zones).

Reading From Environment

To simulate the behavior of materials in the digital environment,
we used a high-precise simulation engine based on the particle
Physics and position-based dynamics of the materials in

TABLE 3 | Spirulina microalgae medium culture nutrients.

Component Amount pH Temperature

NaCl 1 g 7 28◦C

Magnesium sulfate 0.2 g 5.5–6.5

Sodium bicarbonate 16.8 g 8.4

Phosphate 0.5 g 9.8

Sodium nitrate 2.5 g 5.5–8

Potassium sulfate 1 g 5.5–7.5

Calcium chloride 0.04 g 5.5

Ferrous sulfate 0.01 g 2

EDTA 0.08 g 4–6

Solution A 1ml 7

Solution B 1ml 7

FIGURE 4 | Location of ultrasonics for movement and growth detection.
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different tanks. Given that the particles of the material in
each of the tanks were on a micro-scale, and because real-
time analysis engines had errors at high data transfer speeds,
unlike the writing section, the reading section was combined
with electronic modules (ultrasonic) with high-precise fluid
simulation based on the particle physics to transfer data from
the bio-computational machine to the digital environment. To
simulate the position-based dynamics of the particles, we used
the “Flexhopper” plug-in through Grasshopper. This engine
is a high-precision simulator based on material’s particle-
physics that simulates the behavior of different groups of
materials in defined environments based on the properties of
each particle. The properties of each particle included particle
index in the grouping of materials, velocity, three-dimensional
spatial position, mass, type of activity, particle group, collision
mode, and optimal particle radius. The engine simulated the
behavior of existing materials and fluid flows within the bio-
computational machine with precision beyond real-time mode
and was synchronized with the control section. It means that
by burning the injection command to the solenoid valves in
the monitoring environment, this transfer also occurred with
the same time frames and the amount of solution, based on
particle physics. In general, in this research, the computational
method is a combination of real-time simulation and high-
precise simulation, in which the second part helped to detail
and increase the accuracy in the first part. In the digital
environment, the actual dimensions and proportions of the bio-
computational machine were considered, and the staging of
the material behavior was quite similar to the platform in the
real environment.

DATA ANALYSIS

Simulation
Before starting the main simulation, we had a pre-process in the
primary tanks. In the tank, which was composed of spirulina
microalgae cultured medium, this microorganism’s ideal growth
conditions were considered. Furthermore, the main simulation
started after reaching 100% density of microalgae in the cultured
medium after 12 days. During this period, the cultured medium
was exposed to light for 12 h daily with an intensity of 2,000 lux
and 12 h in a dark environment. In general, the process of analysis
and simulation of this tank were done in two separate cases
with the other primary tank’s two components (see Tables 1–
3). Several modules have been used in the tank’s path and
inside the hybrid tank to connect the controlled electrochemical
environment to the physical environment. These equipment
types included four Ultra sonic modules, two solenoid valves,
two flow modules, a solution level module, and a double relay
to control the injection timing of the primary material tanks
and voltage conversion through the solenoid valve. Each of the
types mentioned above equipment was efficient for transferring
data in a specific part to make controllable changes in other
parts, and finally changed the output energy. The movement
and dispersion of microalgae were simulated by high-precise
“Flexhopper” engine based on the position-based dynamics of
particles over 12 days. This data was simulated from the hybrid

tank every four days at 8 am, which reached its maximum density
over 12 days (in the hybrid tank). The solenoid valves were
timed by a double relay switch that transmits the materials from
the first two tanks in a controlled manner to the hybrid tank,
each of which was a cube 20 cm long and 30 cm wide, and
30 cm high. To combine 50% of the wastewater and the algae
cultured medium, the injection time interval from the valves
was 60 s, during which an average of 250ml of each tank was
transferred to the energy conversion tank. Every 8min, an equal
amount of mixture was transferred from both Tanks, and within
64min, the solution volume reached the water level sensor in the
energy conversion tank, which was 20 cm high from the tank,
and the terminals would be closed computationally. The fluid
flow controller between the initial tanks and the hybrid tank
measured the nutritious consumption in real-time (in defined
period of time) and sent it to the defined virtual environment
numerically with an Arduino-Uno board kit that was connected
with. Then high-precise engine simulated fluid flow behavior
through the path. After intelligent shut-off of the inputs, 4 l from
each tank was transferred to the energy conversion tank, and
the microalgae growth medium provided in this environment.
To test this machine, we simulated two 12-day periods. The
first was from November 20, 2020, to December 2, 2020, for
residential building’s greywater nutrients type A- kitchen activity
(washing the dishes, the second was from December 4, 2020, to
December 16, 2020, for residential building’s greywater nutrients
type B- handwashing with a special hand wash liquid). These
periods were selected to achieve the maximum algae growth in
the hybrid tank.

OUTPUT

As mentioned, fundamental purpose of this study is to create

a controllable bio-computational machine based on particle
physics. This process leads to reusing residential buildings’

greywater in a novel computational framework (see Figure 5).
Hybrid energy extraction from this process was done directly
to reduce costs and the need for complex equipment through

two electrodes, including aluminum and cooper electrodes as

cathode and anode. Output hybrid energy was tested with two
types of hybrid cultured medium (type A/B) at four dates while
the microorganisms were alive and in perfect growth condition.

The output electrical energy in all samples varied in the range
between ½ to 6V depending on the type of ingredients and the
density of microorganisms in the hybrid tank. Tested samples of

kitchen activity greywater generated more electrical energy than
handwashing samples in the toilet due to interferer parameters,
including the type of diet and the use of dishwashing liquid,
which itself can deionize the solution. The maximum electrical
energy output of the similar composition of these materials with
microalgae was 6V, while is another simulated model was 3.5V
(toilet handwashing greywater). In this research, we use the
gravitational force and heightened the tanks to shift the force of
solutions from primary tanks to the energy conversion tank to
reduce costs and dependence on input energy. For this purpose,
instead of pumps, solenoid valves were used to control the flow at
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FIGURE 5 | Project overview.

FIGURE 6 | Solenoid valves injection timing control in the virtual environment (writing commands to the bio-computational machine).
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FIGURE 7 | Bio-computational machine’s high-precise simulation by position-based dynamics engine and particle physics.

intervals with the Double Switch relay. This intelligent machine
consisted of three tanks with 12 l capacity, including two primary
tanks and an energy conversion tank and solution transfer paths.
The final hybrid solution in the energy conversion tank was
limited to a maximum of 8 l or 2/3 of the tank’s total capacity
by the solution-level control sensor. The extraction of direct
electrical energy by using the potential of microorganisms and
materials combined in solutions eliminated the various processes
for multi-stage energy conversion with complex equipment
and high costs. With the help of instant outputs of the built-
in device, we could store the parameters that influenced the
growth rate and its orientation. We stored this received data
in datasets due to vast correlated parameters of nutrient and
medium environmental conditions that affected the growth rate
(see Figure 6). We stored each experiment in our dataset. The
visualized data was received statistically and at specified periods
and was stored in the predicted virtual environment in the
computational framework (see Figures 7–9). Due to the need
for time to complete microorganism’s growth in the energy
conversion tank’s mixed culture medium, the data were received
simultaneously only at the periods defined in the simulation
part and were stored statistically in the final set. Because of
the ability to control the modules in this machine, by changing

the timing of the release of solutions from primary tanks to
energy conversion tank and transfer of cultured medium and
the increase the density of microorganisms, the period to reach
maximum density in microalgae was limited and the maximum
expected output energy was obtained in a shorter period. Six
volts of electrical energy output from 8 l of the mixed solution
in 12 days with static computations paves the way for future
development to control more parameters computationally and
reduce time to achieve optimal hybrid energy through the reuse
of greywater.

CONCLUSIONS

Domestic greywater produced in the buildings proceeds up a
significant part of the total greywater returned. To the take
advantage of domestic greywater potential in buildings, we
need a small, low-cost intelligent process at the building and
architectural scale to reuse it before its turning to the municipal
sewage system. The use of multi-functional microorganisms in
intelligent systems reduces the extra steps in reusing wastewater
and saves time and costs. For this purpose, this research has
directly produced electrical energy by combining microalgae
cultured medium and domestic greywater, including toilet
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FIGURE 8 | Growth density of microalgae simulation in the hybrid tank-material type A.
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FIGURE 9 | Growth density of microalgae simulation in the hybrid tank-material type B.
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FIGURE 10 | Hybrid output energy voltage according to type of solution.

FIGURE 11 | Real-time simulation.

handwashing greywater and kitchen with an intelligent machine.
It combines two fields of waste and biological materials in a
controlled computational framework (see Figure 10). Although

this achievement has been done on a limited scale, it provides a
platform for research and optimization of these machines at the
architectural scale, expanding in volume, scale, number of them,
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FIGURE 12 | Written scripts through grasshopper for writing to environment and reading from environment.

and adding other computational parameters (see Figures 11,
12). These parameters directly affect the amount of output
energy and its scalable scale and can be used as a part of
the Building Information Management (BIM) system to control
the waste generation, by reusing and converting it into energy.
In addition to its partial purification, the intelligent machine’s
output can be used for other building functions, including the
toilet and bathroom, and can be connected to other devices in an
integrated network. Between the reasons, the lack of development
of intelligent and low-cost machines on an architectural scale to
reuse wastewater is the lack of computational control in different
parts of these machines and lack of control over the outputs and
its type. In the computational process defined in this project, by
connecting the physical environment to the digital environment
through modules, the reuse of wastewater is controlled in all
conversion stages. This section can be connected to an intelligent
computational engine for inhuman decisions regarding the
significant parameters around and inside the hybrid environment
of microorganisms and wastewater. Furthermore, new processes
and functions are defined for the waste produced inside the
building and they provide multi-functional components from the
buildings’ waste. This project is a part of ongoing research that,
with a different aesthetic approach, sees waste as an architectural
component and wants to use them as the main components
by regulating and controlling them toward creating various
functions in buildings that can be used as a component in
various parts of it, including the envelope. These systems in high
numbers, and after the optimization of their internal processes
can provide lighting and various electrical equipment energies
in different building parts. The ability to control brightness and

final voltage according to output energy control can be predicted
in its computational framework. In the next versions of this
research, by changing microorganism’s genetics, the ionization
rate of solutions with a small amount of microorganism bank
can be increased. Because of this, we can combine a large volume
of wastewater, including purifying it and getting more electrical
output energy.
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