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Abstract- An agent-based framework for modelling and simulation of resource management in self-sustainable human settle-
ments is presented and tested on a realistic scenario including energy production with photovoltaic panels. The results of the
simulation showed that the framework was able to prolong the self-sustainability of the observed settlement with regards to the
overall energy production, storage and demands in the simulation environment. A detailed simulation analysis is provided, as
well as system optimization using a number of heuristics. Specifically developed agent classes, behaviours and protocols are
proposed that allow to model and simulate the dynamics of local resource production, storage and consumption in order to pursue
and evaluate self-sustainability of a settlement at hand. The framework can be used by a modeler either to design and simulate a
new self-sustainable system, or to evaluate and analyze an existing system. The presented framework enables considerable im-
provements in the design of a settlement and its resource production, consumption and storage elements, in regard to the context

of self-sustainability.
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1. Introduction

The SSSHS (smart self-sustainable human settlements) is
an agent based framework firstly introduced in [1] and [2].
Herein the framework is considerably extended with the pos-
sibility to simulate multiple resources simultaneously and with
a more advanced bilateral negotiation algorithm. The updated
framework is additionally applied on a realistic case scenario
dealing with the energy production, storage and consumption
by using photovoltaic panels as a renewable energy production
technology in an observed self-sustainable eco village in Cro-
atia.

In the following we provide a short clarification of the re-
search context. A human settlement may exist in an environ-

ment which does not allow the use of central resource distri-
bution systems such as national electrical grid or municipal
water supply, where utilization of such systems is not feasible,
or where it is not preferable by its inhabitants. In such a con-
text, there is a need for managing resources that are being pro-
duced, stored, and consumed within the boundaries of such
settlements, with the objective to maintain the self-sustaina-
bility in conditions that describe an intermittent nature of local
resource production [3,4].

Resource production in a self-sustainable settlement is
highly dependent on local environment features, and resource
consumption is bound to various types of resource consumers,
each of which have certain characteristics that directly influ-
ence the system’s production and consumption dynamics (in-
cluding but not limited to operating hours, capacities, modes
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of operation, possible deviations, priorities, user’s comfort,
etc.). The main goal of the SSSHS framework is to facilitate
an infrastructure for smart resource allocation and manage-
ment in order to cover overall needs of the system for a spe-
cific resource, in a defined period of time.

We consider a system to be self-sustainable for a given re-
source if its demands for that resource can be met with the
resource quantities produced within its boundaries, and within
a defined time period [1]. Such system won’t require external
resources, but exclusively those (restricted) resources which
are produced or gathered within the same system, from avail-
able natural sources. If resource demands within a self-sus-
tainable system can’t be met with its existing production ca-
pacities, the system is considered non self-sustainable, and
thus is unable to function properly off the grid. Note that en-
ergy sources for such settlements have to be renewable or at
least constantly available in the observed period of time.

Advances in the areas such as the Internet of Things (l1oT)
[5], including the Environmental Internet of Things (EloT)
[6], smart cities [7] and smart residential buildings [8], are al-
lowing us to design a model of mutually interconnected de-
vices in an infrastructure which supports their dynamic net-
working, collaboration, and decision making in smart human
settlements. These advances and their resultant technologies
can provide feasible foundations for building real-time opera-
tional SSSHSs in the future, governed by the similar principles
as described in this work.

Multiagent systems have been shown to be a natural meth-
odology to approach such complex socio-cybernetic systems,
in terms of both simulation and actual implementation [9]. We
have developed a framework for the modeling and simulation
of resources in SSSHS that provides a detailed analysis of such
a system in terms of self-sustainability. Additionally, in order
to test the framework, a number of test-case scenarios have
been developed, one of which is analyzed in detail herein.

The rest of this paper is organized as follows: in section |1
we provide a short overview of related research. In section 11
we present the SSSHS framework’s implementation. In sec-
tion IV we present the implemented self-sustainability mech-
anisms, which allow for optimized use of resources. In section
V we will show an example simulation scenario which has
been modeled with the framework, and analyze the results in
section VI. In the final, section VII, we draw our conclusions
and give guidelines for future research.

2. Related Work

The Internet of Things (IoT) is a novel field defined as “a
variety of things or objects (...) which, through unique ad-
dressing schemes, are able to interact with each other and co-
operate with their neighbors to reach common goals” [5, p. 1].
Varying physical devices are included in the extension of the
“thing” concept mentioned in this definition, amongst which
are various kinds of sensors and actuators, mobile devices, TV
sets, car/vehicle computers; but also non-1CT appliances (like
dishwashers, microwave ovens, refrigerators etc.), electrical
energy sources and building components [10].

An agent-based modeling approach shows to be adequate
in approaching the Internet of Things [11], especially consid-

ering the possible interoperability issues induced by heteroge-
neous set of devices, different communication protocols and
underlying networks.

Key application areas of 10T relevant to this research are
smart cities [12], smart buildings [13], smart living solutions
[11], and especially EloT, which aims on leveraging loT tech-
nology in a variety of environment related settings.

Intelligent buildings as defined in [14] use computer tech-
nology to autonomously operate the building environment for
optimization of energy consumption, user comfort, safety and
monitoring  functions. Furthermore, intelligent build-
ing/houses/homes involve computer technology which regu-
lates building components, utilities, electrical circuits, and
heating, ventilating and air-conditions systems in order to
monitor building functions, security, energy consumption, and
provide a comfortable environment to users [15]. Due to the
complex, distributed and intelligent nature of such computing
systems, multi-agent systems (MAS), provide a natural ab-
straction for representing and managing such systems. Ac-
cording to [8], intelligent buildings should not only be mod-
eled as MAS, but should include learning capabilities to adapt
to the user's need and changing preferences.

Authors in [16] argue that the environment of intelligent
buildings is very complex: inaccessible, non-deterministic,
non-episodic, dynamic and continuous, and it is further sug-
gested that a feasible solution for controlling it would be to
implement adequate multi-agent systems.

An introductory overview of an application of multi-agent
system in hybrid systems (for example power control and op-
timization techniques) was presented in [17], putting more
emphasis on agent communication, agent platform, and MAS
architectures. Authors also argue that MAS based control sys-
tems “are more effective in proper operation of hybrid system
either in the form of microgrid or in islanding mode, i.e., au-
tonomous mode”. The SSSHS framework operates exclusively
in the islanding mode as presented in this work.

The paper [18] presented an application of multi-agent sys-
tem for implementing smart grid functionalities in the control
and management architecture of an integrated microgrid, and
carried simulation studies that demonstrated the effectiveness
of such application. The authors argue that a multi-agent sys-
tem “is a promising approach for smart grid operation” [18,
p. 20], that share key characteristics with the proposed SSSHS
framework in the context of resource production, transmis-
sion, distribution and consumption, and that “multi-agent sys-
tem is a perfect platform for implementing the smart grid con-
cepts”. [18, p. 20]

Optimizing consumption patterns is one of the imple-
mented self-sustainable mechanisms in the proposed SSSHS
framework, and also a focus of research of a group of authors
[19], where a load shifting algorithm is presented, taking into
account preferences of customers and electricity costs. The au-
thors used multi-agent system based simulation studies and
the simulation results showed that substantial load levelling is
achieved by the proposed algorithm. This algorithm could be
of potential interest for the SSSHS framework in advancing
the optimization of consumers’ consumption patterns within
the framework.

The authors in [29] provide a detailed review of computer
tools for analyzing integration of renewable energy into vari-
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ous energy systems, including a number of agent-based solu-
tions. They state that identifying the potential of renewable
energy has become a key area within energy planning and
show that agent-based approaches in integrating renewable
energy are suitable for simulating possible operational and
economic impacts of various external events on the electricity
sector in an energy-system.

An agent-based approach to micro-storage management
has been presented in [30] and includes a game-theoretic anal-
ysis. It is stated that various storage devices can be used to
compensate for the variability of typical renewable electricity
generation, which allows for practical integration of such fa-
cilities into an existing grid. The developed agent based frame-
works includes a storage strategy with an adaptive mechanism
based on predicted market prices that is empirically shown to
converge to Nash equilibrium. In [31] the same authors go fur-
ther to develop a decentralized agent-based homeostatic con-
trol system for renewable energy in the smart grid. The devel-
oped software agents use various algorithms to optimize their
owners’ energy consumption, for example “by storing elec-
tricity at times when it is inexpensive, thereby maximizing
their individual utility and minimizing their carbon footprint.”

The term “smart city” (referred to also as the “intelligent
city”) is not formally defined, and can be referred to with var-
ious meanings. Nevertheless, smart cities are one of the im-
portant application areas of the Internet of Things [12], their
main focus being “applying the next-generation information
technology to all walks of life, embedding sensors and equip-
ment to hospitals, power grids, railways, bridges, tunnels,
roads, buildings, water systems, dams, oil and gas pipelines
and other objects in every corner of the world, and forming
the 'Internet of Things' via the Internet.” [20, pp. 1]. Although
no unique definition has been given yet, one may state that a

smart city is designed to make intelligent responses to various
kinds of needs in the context of daily livelihood, environmen-
tal protection, public safety, city services, etc. [21].

The Environmental Internet of Things is a novel initiative
which “(...) provides the opportunity for (...) environmental
scientists to have a seamless data stream from the field to the
web.” [6, p. 198]. The use of various IoT devices, most prom-
inently environmental sensors and adequate sensor networks,
allows for instant measurements of selected impacts various
socio-cybernetic systems have on the environment. Connect-
ing these devices to intelligent systems and consequently ac-
tuators, provides us with the opportunity to design and imple-
ment environmentally context-sensitive systems.

3. The SSSHS Framework

The development of the SSSHS framework was based on
an adapted workflow described in the Multiagent Systems En-
gineering (MaSE) methodology [22]. Outputs of each section
in the MaSE methodology are used as inputs for the next sec-
tion; for example, identified goals are used for the creation of
agent roles; agent roles are used for the definition of agent
classes; etc. The methodology enables a linear progression of
the system development, but is iterative across all phases.

The architecture of the proposed system is described with
two layers. On the upper layer, a smart self-sustainable system
is composed of individual dwelling units (labeled with
“UNIT”), interconnected in a network infrastructure which al-
lows both data and resource exchange (Fig. 1).
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Fig. 1. The SSSHS framework architecture

1310



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

I. Tomi¢i¢ and M. Schatten, Vol.6, No.4, 2016

Storage 1
resource type 1

Storage 2
resource type 2

Storage 3
resource type 3

UNIT 2
e |

Producer 2 }

Producer 3 ‘ ’ Consumer 1

-
e I e
] [

4‘
]
|

Fig. 2. Single dwelling unit

Individual dwelling units initiate a communication and re-
source transfer negotiation between themselves only upon
triggering the predefined resource depletion alerts within their
own subsystems. The proposed network topology of this
model is an ideal fully connected network topology. Since this
topology ensures that all the dwelling units are connected to
each other both by data and resource infrastructure networks,
it is possible to connect and transfer resources from any and to
every other dwelling in the settlement system, between stor-
ages that process the same resource type.

In the lower layer shown on Fig. 2, each dwelling unit is
composed of agent classes, which include a producer class, a
consumer class, and a storage class. As such, individual dwell-
ing units are able to produce, store and consume resources au-
tonomously.

Each agent class has its own parameters and methods which
have the ability to change the inner state of the agent, i.e. to
change specific parameter values of the instantiated agent
class. Individual dwelling units can implement one or more
storage units, each dealing with different resource types. This
facilitates the ability of the SSSHS framework to simulate
more than one resource type at a simulation run, describing for
example scenarios where the production of one resource type
requires the consumption of another resource type (or more

than one resource types). Communications and resource trans-
fers between individual dwelling units is possible through
storage units which process the same resource type.

4. Self-Sustainability Mechanisms

The SSSHS framework uses several mechanisms that fa-
cilitate the self-sustainability of resource management in the
settlement. The basic mechanisms are confined to their sub-
systems (individual dwelling units), and include an economi-
cal working mode, manipulation of operating times (advanc-
ing or postponing the operation, dependent on the resource
levels), and restoring default operation modes. Should these
mechanisms fail to maintain the self-sustainability of their
sub-system, inter-dwellings mechanisms are triggered by the
framework. The resource negotiation mechanism calculates
the value of needed resources which would bring the sub-sys-
tem’s resource level above the lower threshold zone, reducing
the risk of the system to become non self-sustainable. Accord-
ing to the service-oriented negotiation paradigm, an agent (the
client) requires a service to be performed (a resource transfer)
from other agents (servers). The client presents its request to
the server according to the calculated value of critically
needed resources, and in respect to the server’s own resource
levels. The server then calculates its own capacities based on
the most current parameter values stored in its inner state, and
decides on the counter-offer it is willing to give to the client.
If the counter-offer is greater than zero and resource transfer
costs are acceptable, the negotiation thread is initiated. If the
resource transfer costs are not acceptable, or the agreement is
achieved but the counter-offer does not provide sufficient re-
source quantity, the client sends further requests to other
agents, sequentially, until its resource levels are above the de-
fined threshold. The client negotiation perspective is depicted
in Fig. 3 in the form of a finite state machine.

Negotiation in the SSSHS framework is a one-to-one ne-
gotiation based on Raiffa's model for bilateral negotiation
[23], and it proceeds in a series of iterations, with every agent
making a proposal at every iteration. Upon reaching the agree-
ment, negotiation terminates with the agreement deal, which
is referring to the last counter-offer.

Raiffa's model f is defined as follows: Let i (i € {a, b})
represent agents involved in the negotiation process, j (j € {1,
..., n}) represent elements of offer, and xj € [min; , max;] rep-
resent a possible set of values for the element of offer j. Every
agent implements a usefulness function V_j' : [min; , max;] —
[0, 1] which assigns value to the individual elements of the
offer. The relative weight which the agent i assigns to the offer
element j is labeled with w_j'.
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Fig. 3. A finite state machine of the negotiating client

The usefulness function of the agent i for an offer x = (x1,
., Xn) is defined as follows:

Vi) = Ticjen W Vi (%) 1)

The SSSHS framework implements two elements of the offer,
“quantity” and “worth”. Quantity refers to the amount of re-
sources being negotiated. “Worth” can refer to monetary
value, quality of offer, or other factor, decided upon by the
modeler. The results of the negotiation process depend on the
defined timeout, and the interpretation of the offer. For exam-
ple, let a,b € A represent agents in the negotiation process.
Agent a has a usefulness function V.. The interpretation of the
offer x}_, of the agent a in time ¢'(t < t") is defined as fol-
lowing:

refuse if t' > t% ..
accept if V*(xf_q) = V*(xl,, 2)
else:xt',,

1 (£, Xpa) =

e x!',, is an offer which the agent a would send to the agent
b in time t’

e t2.. is the latest time in which the agent a has to end the
negotiations

Therefore, the acceptance of the offer is determined by the in-
terpretations of both received and prepared offers, and their
mutual comparison.

The other important inter-dwelling mechanism deals with
the surplus of generated resources at individual dwelling units,
preventing the resources from being irrecoverably lost be-
cause of the generated overflow. This surplus is recursively
offered to other dwelling units, with the priority queue that is
generated with regard to other unit’s resource levels at the
time.

Within the SSSHS framework, communication between
agents is initiated within specific agent’s methods. According
to [24], “the most basic communication method of agents is a
procedure call, where the message is encoded within the pa-
rameters and the answer is the return value of the procedure.”
[24, p. 18]. Although this communication method is bound to
relatively simple communications, it provides adequate
grounds for the SSSHS framework’s designed functionality.

SSSHS framework can be used by the modeler to model,
simulate, and analyze the self-sustainable system. The simu-
lation can be terminated in two ways:

1) Simulation ends according to the predefined runtime
schedule set by the modeler. In this case, the simulated system
is considered self-sustainable. The framework notifies the
modeler of the possible resource losses that took place because
of the insufficient storage capacities, and of the number of sys-
tem interventions that took place in order to avoid the loss of
resources.

2) Simulation ends because of the critical resource deficit,
with every self-sustainable mechanism exhausted. The system
is proclaimed as being non self-sustainable, and the modeler
is notified of the critical limitations of the modelled system
which prevent it from being self-sustainable.

Should the simulation terminate early in the simulation
runtime due to the depletion of resources, an architectural
change in the modeled system would be typically recom-
mended. Failures that occur near the end of the simulation
runtime could be rectified by model’s parameter re-configura-
tion. In any case, a detailed analysis should be performed
based on the SSSHS framework’s reporting variables in order
to obtain an important insight into the modeled system.
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5. The Scenario and the Simulation

The scenario developed in this paper was designed with the
significant help of the consultant Loren Amelang, an expert in
self-sustainable systems, and with partial reference to the ob-
servations registered at the existing eco-village setup, located
in Sisak-Moslavina County, Croatia, Central Europe and
Southeastern Europe, with rough coordinates of 45° N, 15° E.
Accoriding to [28] Croatia has an enormous potential for using
renewable energy and in particular solar energy. The village
consists of a 3 infrastructurally independent dwelling units
(from now on referred to as “Units”). The scenario-relevant
data was obtained from three sources: (1) on-site, by person-
ally visiting and analyzing the site parameters; (2) by informal
interviews of the site residents via email correspondence; (3)
by the MeteoNorm 7.1 station data [25]. The scenario context
consists of the electrical energy production process by using
photovoltaic solar panels and an auxiliary propane generator,
battery packs as energy storage units, and a set of consumer
units. The initial model parameterization was done in the con-
text of stand-alone (off-grid) system pre-sizing project by us-
ing PVsyst, a “software package for the study, sizing and data
analysis of complete PV systems” [26].

The initial parameters included specifications of consumers
and their load values, computed nominal power value of solar
panel array, global system properties (panel tilt, azimuth, ge-
ographical coordinates, monthly meteorological data such as
global irradiation, diffuse, temperature, etc.), specifications of
the battery configurations, power input, etc. The solar irradi-
ance input was obtained by MeteoNorm 7.1 station on geo-
graphical coordinates of 45° N, 15° E, and altitude 128 m
above sea level, for month January (see table I).

Table 1. Monthly meteorological values at Lat. 45.8°N, long.
16.0°E, alt. 128m, Source: [25]

Global lrrad.  Diffuse Temper. Wind Yel.

kbt day kKwhdnt. day T mds
January 1.02 0.56 1.1 1.50
February 1.93 1.16 3T 1.70
b arch 294 1.55 a1 1.93
Aypril 4.03 219 128 1.90
[LET 5.53 246 1856 1.80
June 583 2.54 21.2 1.70
July 5.85 3.0z 23.0 1.E0
August 5.03 235 225 1.43
September 127 1.66 165 1.48
October 219 1.36 126 1.40
Maovember 11 067 75 1.40
December 07e 0.54 2.3 1.43
Year 3.30 1.68 125 16

Monthly meteorological values (global irradiation, diffuse,
temperature and wind velocity) and solar paths were used by

! The term “watt-peak” is used in colloquial language in the context
of domestic photovoltaic installations, because the International
System of Units prohibits the use of suffixes [27]

the PVsyst software to obtain relevant values for the simula-
tion’s setup.

Dwelling units are using photovoltaic solar panels as the
main electrical energy source and propane generators as aux-
iliary energy source. The energy storage systems are imple-
mented via solar battery packs. Units used in the scenario and
in the SSSHS environment are watt-hours (Wh) for energy,
liters (1) for propane quantities, ampere hours (Ah) for electric
charge, and watt-peak (Wp) for the nominal power of the pho-
tovoltaic solar array®. The term “photovoltaic” will be referred
to with an abbreviation “PV” in most of the current section.

The initial system setup for all three units was designed and
optimized with the help of PVsyst software for the planned
and regular total load of the settlement units presented in the
following table. It is important to note that the cloth-washer at
Unit 1 was added subsequently according to the scenario de-
velopment described later in the section. According to the
PVsyst software documentation, “The evaluation of the avail-
able irradiance on the collector plane uses the Monthly Meteo
tool algorithms, which calculate irradiation's monthly aver-
ages on the basis of instantaneous data for one day per month.
This is not sufficient to manage the storage balance evolution
from day to day, and the effective use of solar incident energy.
Therefore the program generates a random sequence of 365
days, according to the algorithms of Collares-Pereira, renor-
malised to the monthly sums, and calculates the daily battery
balance for three intervals in a day (morning, day and even-
ing). “[26]

The energy production involving propane generator in-
cluded nominal production values from a case study, and is
calculated according to the following formula:

Aux =P x 1.2 x 1000 ®)

where Aux represents energy quantity generated from an
auxiliary propane generator (Wh), P represents propane quan-
tity in liters, 1.2 is used as a nominal production coefficient,
and 1000 is used for conversion from kWh to Wh. Losses de-
riving from equipment inefficiencies are considered within the
conversion coefficient derived from the case study.

Table 2. Stationary consumers at Units 1, 2 and 3

UNIT1/UNIT 2/UNIT 3
consumer cloth-washer
illumination - fridge / hydronic
electronics
pump
power (W) | 20/18/18 | 65/60/70 | N/A | N/A/20/N/A
No. | 3m/2 | 321 | NA | NALNA
approx daily| 55/, 31212 NA | N/A2,SINIA
use (h)
energy per
cycle (Wh) | |740/740/0| 1100/N/AJO
daily | 180/270/72 |585/240/140| 740172000 | 1100/50/0
energy (Wh)
total (Wh) | 2605/1300/212
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Unit 2 uses hydronic pump, but does not utilize a cloth-
washer during the observed time period. Unit 3 has the lowest
initial load, thus the lowest requirements for solar photovoltaic
array and solar battery pack. The solar collector plane orienta-
tion was set with tilt of 45 degrees and azimuth of 0 degrees.

According to these values, the solar panel array nominal
power for the Unit 1 was set to 1026 Wp, and the battery pack
capacity to 295 Ah, which corresponds to 7080 Wh with 24 V
battery/system voltage. Required autonomy was set to 4 days.
Unit 2 was allocated with the nominal solar array power of
849 Wp, battery pack capacity of 255 Ah at voltage of 24 V
(6120 Wh), with considering the required autonomy of 4 days.
Unit 3 has a nominal solar array power of 141 Wp, battery
pack capacity of 42 Ah, which translates to 1008 Wh by using
the 24V system voltage, and is considered with the required
autonomy of 4 days.

The analysis of the static resource allocation per dwelling
unit was performed in spreadsheets. For the purposes of a
more thorough insight into the resource allocation processes,
factors such as production overflow on the battery pack were
purposefully omitted in the static allocation analysis.

The three dwelling units were initialized with battery levels
5700 Wh, 4200 Wh, and 680 Wh, respectively. These values
were calculated into the day one in both the individual static
analysis, and in the SSSHS simulation environment.

The battery levels are calculated according to the following
formula:

BL(t) =BL(t — 1) + P(t) — C(t) ()

where BL(t) represents battery level in time unit t, BL(t-1)
battery level in previous time unit, P(t) total energy production
in time t, and C(t) total energy consumption in time t.

It is evident that the Unit 3 has the lowest load require-
ments, but still occasionally uses auxiliary power generators
to complement the insufficient energy production from the
photovoltaic panels — in this case, a propane generator is uti-
lized in time units 13, 14, and 23.

The following three figures illustrate the production of
electricity by using both the photovoltaic modules (“PV”) and
auxiliary propane generators (“AUX” - if available) in Units
1, 2, and 3, against the battery pack energy levels (“battery”).
All three variables are presented in Wh units.

Unit 1

Fig. 4. Electricity production by using PV modules and pro-
pane generators at Unit 1

Unit 2

—— -

Fig. 5. Electricity production by using PV modules and pro-
pane generators at Unit 2

Unit 3

/, \\ ‘
d ‘a\ / 5\

] |
. \ » !
| 12131815164 , 5 /

[
\ v
b/

<

—— [ Q-

Fig. 6. Electricity production by using PV modules and pro-
pane generators at Unit 3

Fig. 4 and Fig. 6 illustrate a significant deferment of the
energy reserves depletion by the use of auxiliary propane gen-
erators. Unit 1 had the reserves of 1 |, and unit 3 reserves of
0.5 | of propane available for electricity production. Both units
depleted their propane reserves in the developed scenarios.

The main event that rendered system specification at Unit
1 inefficient were unexpected difficulties with the house infra-
structure that required immediate attention of the residents.
Because of these new circumstances occurring on day 15, two
additional residents moved in to Unit 1, and workings within
and around the house intensified. The growing need for
clothes washing, and a lack of time to do it manually, com-
pelled the residents to obtain a washing machine, which pre-
sented a significant new load on the existing energy produc-
tion infrastructure. In a similar way, refrigerator load, illumi-
nation, electronics’, tools’ and machines’ consumptions in-
creased. In order to mitigate the overall load on solar PV panel
array, the residents used the propane generator for additional
power production, but the energy reserves were completely
depleted by the time unit 22.

Similarly, energy reserves were depleted at dwelling unit 2
at 25™ day. The unit 3 managed to postpone the depletion of
the energy reserves by using the propane fuel from day 13, but
at the end depleted all the reserves at 23" day.
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6. Simulation Results

The SSSHS framework was set to simulate two different types
of resources simultaneously: the electrical energy obtained di-
rectly from the PV modules, and the propane fuel used to pro-
duce the electrical energy as an auxiliary source. Within the
SSSHS framework, the simulation runtime was set to 30 time
units, which corresponds to days observed in the analysis of
the individual static resource allocation scenario. All the pa-
rameters were initialized according to the observed static re-
source allocation data.

A total of five storage units reported at the end of the sim-
ulation run; three of them representing the photovoltaic sys-
tem, and two of them representing the auxiliary propane sys-
tem. According to the simulation output, a total of 163 system
interventions executed during the simulation runtime, with
similar number of triggering the upper (24) and lower (26)
threshold alerts. Unit 3 had the lowest overall load of the three
dwelling units, which reflected on its overall battery pack lev-
els which showed above 50% capacity in most of the simu-
lated time units. Units 1 and 2 were using below 50% of bat-
tery capacity about half of the simulation runtime, which
should be checked against the used battery technology in the
real-world implementation, where a possible destructive pat-
terns of battery usage should be considered. The following
three figures illustrate the differences between battery pack
levels with and without using the SSSHS mechanisms.

Unit 1: PV + propane

——

Fig. 7. Battery pack levels with and without using the
SSSHS framework at Unit 1

¢ propane

——

Fig. 8. Battery pack levels with and without using the
SSSHS framework at Unit 2

—_—

Fig. 9. Battery pack levels with and without using the
SSSHS framework at Unit 3

Fig. 7 (Unit 1) shows a decreased drop of battery levels
with using the SSSHS mechanisms and maintaining the over-
all energy levels above zero until the end of the simulation
runtime. Fig. 8 (Unit 2) demonstrates the dynamics of resource
allocation at Unit 2, with the SSSHS mechanisms maintaining
the energy levels of the battery pack until the end of the simu-
lation runtime. Fig. 9 (Unit 3) demonstrates the additional po-
tential of the framework to manipulate battery usage patterns.
These fluctuations can be additionally configured by the
framework's parameters, particularly on the storage level.

The analysis of the static resource allocation observed in
worksheets showed that the settlement failed to preserve the
self-sustainability of electrical energy production. The energy
reserves were depleted in time units 22 for dwelling unit 1,
time unit 25 for a dwelling unit 2 and in time unit 23 for the
dwelling unit 3. With the use of the SSSHS framework’s self-
sustainability mechanisms, the time interval of self-sustaina-
bility of the settlement was prolonged until the end of the sim-
ulation run, e.g. until the end of the observable period, with
using identical input data.

7. Conclusion & Future Research

In this paper we have presented a significant improvement of
the SSSHS agent-based modelling and simulation framework
by allowing it to simulate multiple resources simultaneously.
Additionally, we have developed and analyzed a specific real-
world case scenario of an eco-village in Croatia on which the
framework has been tested. This developed test-bed scenario
allowed for a detailed evaluation of the SSSHS framework
with reference to actual needs and available renewable energy
resources. An energy production process using photovoltaic
solar modules and auxiliary propane generators presented a
complex ground for developing a scenario with the possibility
to simultaneously simulate multiple resources, and conse-
quently, multiple storage types per dwelling unit (energy
stored as watt-hours, and propane stored in liters). Because of
the specific, existing technologies involved in this scenario, an
expert in the domain of off-grid power producing was con-
sulted. The results of the simulated scenario within the SSSHS
framework environment showed that the framework was able
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to prolong the self-sustainability of the settlement in compar-
ing the results to the static resource allocation analysis. The
framework also showed a potential to manipulate the battery
usage patterns, which requires further analysis and experimen-
tations.

The implemented test-bed scenario is limited in terms of
small numbers of dwelling units and correspondingly small
number of energy producers and consumers. The SSSHS
framework allows for modelling arbitrary numbers of dwell-
ing units, various consuming and producing devices as well as
various numbers of resources limited only by the available
computing facilities.

In our future work we will try to address more complicated
test-bed scenarios by using larger numbers of variables and
agents (e.g. dwelling units, consumers, producers, resources
etc.), by including human agents into the framework that
might act unpredictably and selfishly, since the framework
currently assumes benevolent agents in a cooperative problem
solving.
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