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Workshop on Off-grid Technology Systems  

Fernando Alonso-Marroquin 

School of Civil Engineering, The University of Sydney, Australia 

fernando@sydney.edu.au 

Abstract. Off-grid houses are dwellings that do not rely on water supply, sewer, or electrical power grid, and are able to 
operate independently of all public utility services. These houses are ideal for remote communities or population 
suffering natural or human-made disasters. Our aim is to develop compact and affordable off-grid technologies by 
integrating high-end nano-engineering with systems that imitates natural biological processes. The key areas of focus in 
the workshop were: solar energy harvesting using nanotechnology, wind energy harvesting from vertical-axis wind 
turbines, supercapacitors energy storage systems, treatment of greywater, and green roofs to achieve air comfort. 

WORKSHOP 

Here I present the papers resulting from the Workshop in Off-Grid Technology Systems organized at The 
University of Sydney on Friday, February 24, 2017. Our vision is to create a research community to drive new 
innovations in off-grid technologies. The targeted areas of our current research in the area are: solar energy 
harvesting, wind energy harvesting, passive cooling systems, energy storage systems, green roofs, vertical farming, 
treatment of rainwater, greywater, and blackwater, passive houses, modular houses, and small scale composting 
reactors. The workshop was an international meeting were 18 speakers from academia and industry presented their 
vision in four different topics: sustainable building, energy harvesting and storage, food production, and 
passive cooling.  

CONTRIBUTIONS 

The contributions presented in this volume correspond to advances in nanotechnology in the areas of solar 
energy harvesting and storage, and experimental and numerical research performed in Sydney with the aim to 
improve the technologies for off-grid sustainable housing.  

Arias-Calluari and Alonso-Marroquin [1] present an overview of the off-grid house project and a numerical 
analysis of the structure of the off-grid modular house. Two key aspects of off-grid houses are energy harvesting and 
energy storage, which are active research areas. The papers of Reddy and Alonso-Marroquin [2, 3] present 
developments on highly efficient nanomaterials-based electrodes for high-performance batteries and high efficiency 
solar panels. The paper of Hallock et al [4] presents an alternative to solar panel for harvesting of wind energy using 
vertical axis wind turbines. The paper discusses the difficulties to achieve acceptable efficiencies using 
commercially available vertical axis wind turbines, and proposes methods to overcome these challenges.  

In the area of water treatment, Mc Donald et al. [5] introduces a method to treat grey water using a vertical 
garden. This garden is an efficient integration of wet land systems, sand filter, and hydroponic system to achieve 
water clean enough that can be reused for irrigation of flushing. 

Off-Grid Technology Workshop
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Since the off-grid modular houses are smaller than conventional houses, they present a small thermal mass and 
thus are susceptible to strong temperature variations. The paper of Castiglia-Feitosa and Wilkinson [6] proposes a 
solution of this problem using green roof and walls, which significantly reduces the temperature but at the same time 
they increase the humidity. Their paper proposed an algorithm for calculation of heat index. Their experimental 
results shows that green roof and walls significantly improve the air conform inside the house.  

The paper of Alonso-Marroquin et al [7] presents the implementation of a stand-alone solar energy system for 
the off-grid house using commercial available components. It is shown that solar panel a moderate amount of power 
to cover the main necessities of the house occupants.  

CONCLUSIONS 

We have successfully built a prototype of off-grid house that operates with solar energy harvesting, wind energy 
harvesting, energy storage, and grey water treatment. One of the key issues that has not been addressed at the 
moment is the off-grid toilet, which requires a passive ways to separate urine from faeces and efficient composting 
methods. The energy collection is prone to inefficiencies that need to be addressed in the near future, especially by 
reducing of the dissipation of the wind turbine and using hybrid composite nano-materials for more efficient solar 
energy systems. 
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Polypyrrole Functionalized with Carbon Nanotubes as an 
Efficient and New Electrodes for Electrochemical 

Supercapacitors  
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Abstract. This study evaluates the effectiveness of chemical functionalization of multiwalled carbon nanotubes 
(MWCNTs) with polypyrrole (PPy) via chemical oxidative polymerization on the electrical conductivity and 
electrochemical supercapacitive properties of the PPy-MWCNTs functional hybrids. They demonstrate good specific 
capacitance up to 268 F/g at a current density of 1 A/g and a good cycling stability, which is higher than that of pure PPy. 
These advanced electrodes can be used as high-performance electrochemical energy storage supercapacitors. 

1. INTRODUCTION

Since discovered by Iijima in 1991, 1 carbon nanotubes (CNTs) have been the subject of many studies due to 
their unique thermal, catalytic, mechanical and electrical properties. They can be used for a wide range of 
application such electronic devices, solar cells, supercapacitors, transparent electrodes, chemical sensors, field 
emission displays, off grid technologies, high-surface-area electrodes and high-performance nanotube-reinforced 
composites [2-6]. Among them, electrochemical supercapacitors are charge storage devices that possess high density 
and longer cycle life than the normal batteries and conversional supercapacitors. The energy storage mechanism in 
supercapacitors is usually Faradic and electrical double-layer. Recent research efforts have been focused on 
improving the electrical and electrochemical properties of carbon nanotubes for the energy storage applications by 
developing novel electrode materials [7-9]. These energy storage devices are widely used in consumer electronics 
due to their higher specific energy and power density, and they have a potential power source for efficient offgrid 
systems and electronic vehicles in the future. However, pristine CNTs cannot meet the commercial requirements for 
these applications due to its poor dispersion in solvents and low electrochemical characteristics in the electrolytes.   

Chemical modification of CNTs such as acid treatment, oxidation and plasma etching to produce functional 
groups, including carboxylic groups, ester, zwitterions, have been reported on the surface of CNTs to improve 
electrical properties [10, 11]. Oxidation can occur during CNTs purification with the reaction of strong acids. 
Existing of these functional groups on the CNTs surface could enhance interactions of nanotubes and charge-
carrying capability [12]. The acid-treated CNTs conductivity can be enhanced, resulting in the addition of charge 
carriers either in the form of p-type and n-type doping. Acidic dopants convert the semiconducting nanotubes into 
conducting type through effective tuning of the nanotubes in Fermi level through either changing the conduction or 
valance bands with electron doping and hole doping. CNT Fermi levels were tuned by chemical treatment, thereby 
increasing the intrinsic conductivity of the CNTs while decreasing the inter-tube resistance through mitigation of 
Schottky barrier. Thus, acidic-doped nanotubes show relatively higher electrical conducting properties after being 
treated with strong acids such as HCl, HNO3 and H2SO4. It is also showed that tangential mode of metallic CNTs in 
Raman Scattering measurements depended sensitively on the exposure to HNO3 oxidation reaction [13]. It is due to 
charge transfer doping by acidic reaction. In device fabrication processes, doped CNTs have to go through metal 
deposition and encapsulation processes, etc. These processes may involve exposure to various solvents and open air, 
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as well as elevated temperature conditions. Furthermore, actual device operation may also need the doped CNTs to 
work in open air and elevated temperatures. Therefore, doping stability, lower cycle-life and not stable during the 
redox process are issues for acid-treated CNTs. Hence, it is necessary to protect CNTs with support layer in order to 
demonstrate an improved stability and electrical properties at open air and elevated temperatures. 

Electrically conducting polymers (e.g., polyaniline, polypyrrole, polythiophene, polyanisidine, polytoluidine and 
their derivatives, co- and terpolymers) used as electrode materials for energy storage systems that have several 
advantages due to their fast charge-discharge characteristics, low cost, suitable morphology, and fast doping-
dedoping process [14-16]. Among various conducting polymers, polypyrrole (PPy) is easy to synthesize, highly 
mobility of charge carriers in extended -conjugated electronic systems, good conductivity in doped state, thermally 
stable and environmentally friendly. Therefore, it is important to develop electronically coupled polymers with 
nanotubes that allow fabrication of large scale in power or highly flexible form of storage devices with excellent 
specific capacitance and long cycle-life. The interaction of CNTs with conducting PPy can provide more electron 
migration pathway, reduce the resistance, and increase absorption characteristics due to their rough surface. 
However, to best of our knowledge, there are no studies that investigated chemically functionalized CNTs-PPy 
hybrids for the supercapacitors. 

In this work, for the first time, we report for the functionalization of CNTs with polypyrrole through in-situ
chemical oxidative polymerization in the presence of sulforhodamine B as dopant and self-organizing agent, and 
investigated their structural, morphological, electrical conducting and supercapacitive properties.  

2. Experimental

Initially, multi-walled carbon nanotubes (MWCNTs) were prepared by CVD process, and purified them by
treating them with 12M HNO3, followed by washing with excess of deionized water.  Purified product was dried 
under vacuum for 24 h. The synthesis of MWCNTs-functionalized PPy through in-situ chemical oxidative 
polymerization process is as follows. Certain amount of purified MWCNTs was placed into the deionized water that 
containing 0.27 mmol of sulforhodamine B and 4.47 mmol of pyrrole monomer, and stirred the solution for an hour. 
Then, 10 mL of FeCl3 (1.668 gm) was added to above dispersion by drop-wise and stir for 12 hours. After 
completion of polymerization reaction, predicated product was washed for three times with deionized water and 
ethanol, and dried under vacuum at 40 C for 12 hours. For comparison purpose, pure PPy polymer was synthesized 
under similar conditions without using MWCNTs.  

2.1. Characterization methods 

MWCNTs-functionalized PPy hybrids containing different Wt% of purified carbon nanotubes were analyzed for 
their structural, electrical conducting and electrochemical supercapacitive properties by using FE-SEM, FTIR, Four-
probe meter, CV and EIS, respectively.  

3. Results and Discussion

3.1. Formation of the MWCNTs-PPy Hybrids and its Structural Characterization 

The size and morphological structures of purified MWCNTs and MWCNTs-functionalized PPy hybrids were 
characterized by using FE-SEM. Figure 1A shows that diameter of nanotubes is 10-15 nm with the length of few 
microns. After acidic treatment, MWCNTs are purified without having any impurities. The morphology of the 
nanotubes dramatically changed after the functionalization with PPy. The nanotubes are encapsulated in the polymer 
matrix that can be clearly seen in Figure 1B. Most of the long nanotubes are wrapped with the PPy due to strong 
interactions between the functional groups of CNTs and PPy. 

020002-2



FIGURE 1. FE-SEM images of (A) purified MWCNTs, and (B) MWCNTs-functionalized PPy composites.

The mechanism for the formation of MWCNTs-PPy hybrids is as follows. Initially, purified MWCNTs that 
prepared by oxidation reaction with nitric acid, are dispersed in solution containing pyrrole monomer and 
sulforhodamine. During this process, nanotubes adsorb pyrrole molecules, and sulforhodamine present in the 
reaction system act as both organic dopant and self-organizing agent. They form complex with pyrrole through the 
interactions between –SO3H groups of sulforhodamine and amino groups of pyrrole, and that complex leads to 
formation of micelles in the system and increase the rate of the reaction. Since it simultaneously functions as an 
organic dopant, it increases the electrical conducting and electrochemical properties of MWCNTs-PPy hybrids. 
When iron chloride added by dropwise to the reaction, pyrrole molecules undergo polymerization reaction and grow 
on the surface of carbon nanotubes. As a result, the MWCNTs-PPy hybrids were formed through in-situ chemical 
oxidative polymerization process.  

To confirm the successful polymerization of pyrrole monomer and presence of PPy in the composite hybrid, 
FTIR analysis of the pristine PPy and MWCNTs-PPy hybrids were performed. Pristine PPy (Figure 2a) showed 
major peaks at 1545, 1472, 1295, 1100, 1040 and 930 cm-1 which are attributed to pyrrole ring and conjugated C-N
stretching, N-H deformation, out-of-plane vibrations of C-H and ring deformation. All these peaks of PPy are 
reflected in the composites (Figure 2b) with some shifts in wavelength. This indicates that pyrrole was polymerized 
by in-situ chemical oxidation process, and exists in the composites without damaging the backbone structure of 
polymer.

(a) (b)

FIGURE 2. FTIR spectra of (a) pristine PPy, and (b) MWCNTs-PPy composites. 

We also used Raman study to determine electronic structure of the composites. We found that the intensity of G 
and D bands increased, and the ratio of the intensity of the D band to the intensity of the G band was smaller for the 
MWCNTs-PPy hybrids than pure carbon nanotubes. This is due to formation of polymer on carbon nanotubes 
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eliminates the defect sites of nanotubes. Moreover, the dispersion of nanotubes in the polymer matrix did not change 
the electronic energy states of the CNTs in the composites. 

The influence of CNTs content (Wt%) on the electrical conducting and supercapacitive properties of the 
MWCNTs-PPy composites were investigated as shown in the Table 1. Pristine PPy shows the electrical conductivity 
of 0.83 S/cm. When PPy is combined with nanotubes, the electrical conductivity and supercapacitive properties of 
the composites were significantly increased with increasing the Wt% of CNTs. This is due to effective dispersion of 
nanotubes in the polymer matrix that favors the electronic transport, and change in the morphological structures as 
observed from SEM results. Higher capacitance for the composites is due to a synergistic effect between PPy and 
CNTs. CNTs present in the composites act as an efficient electrode material to increase the capacitance and promote 
the insertion of electrolyte ions in the composites for charge-discharge process, and PPy can promote the charge 
transportation. We found that specific capacitance values were not much enhanced beyond the 12 Wt.% of CNTs. 
Composite with 12 wt% of CNTs showed maximum capacitance of 268 F/g with 76% capacitance retention after 
3000 cycles.  

TABLE 1. The conductivity and specific capacitance of the MWCNTs-PPy hybrids.

PPy-MWCNTs Nanohybrids Conductivity (S/cm) Specific Capacitance (F/g)
Pristine PPy
PPy-MWCNTs-3

0.83
1.97

116
158

PPy-MWCNTs-8 4.22 234
PPy-MWCNTs-12 6.82 268

4. CONCLUSIONS

We have successfully synthesized MWCNTs-functionalized polypyrrole and investigated the influence of carbon 
nanotubes on the electrical conducting and the electrochemical capacitive behavior of the MWCNTs-PPy 
composites. It is found that composites have excellent conductivity and maximum capacitance of 268 F/g. 
Moreover, the device showed good cycle-stability. Such novel electrodes are promising candidates for high-
performance energy storage applications. 
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Abstract. We present the development of novel electrochemical supercapacitor and sensor based on silver (Ag) 
nanoparticles coated graphene oxide (GO). 10-20 nm diameter of Ag nanoparticles were well dispersed on the surface of 
graphene oxide through the chemical reduction method. Ag-coated GO nanohybrids were characterized by transmission 
electron microscopy (TEM), X-ray diffraction, Raman spectroscopy, electrical and an electrochemical analysis for the 
energy storage (supercapacitors), energy conversion (solar cells) and sensor applications. It is found that nanohybrid 
electrodes showed good specific capacitance and electrochemical sensing performance in comparison to pristine GO. The 
improvement in the electrochemical characteristics can be attributed to the sensitizing effect between Ag nanparticles and 
GO. These GO/Ag hybrid transparent conducting films also show low resistance and good transmittance, suggesting they 
are good electrodes for the opto-electronic devices (e.g. solar cells). 

1. INTRODUCTION

Nano optoelectronics such as photodetectors, energy conversion, energy storage and sensor devices have evolved 
extremely for the past few years, in design, fabrication and function [1-2]. Some of the inorganic semiconductors 
that use for such applications are Si, Ge, CdS, MnS, CdSe, CdTe, ZnO, TiO2 and nanocarbons-based functionalized 
heterostructured materials. Inorganic semiconductors are known with tunable physical, thermal and opto-electronic 
properties that provide the charge-carrier characteristics for the applications in solar energy harvesting, light-
emitting diodes (LEDs), photocatalysis and other nano-electronics devices. In the heterostructured inorganic 
nanohybrids (e.g. Cu2S/conducting polymer, TiO2/nanocarbon) for use in solar cells, the presence of interface 
between two components plays a key role in exciton dynamics in which the wavefunction of the charge-carrier 
confinement varies abruptly. In addition to that, heterostructure of nanohybrid shows good quantum yield of 
photoluminescence, enhanced charge separation yield, high transparencies, and high excited-state lifetime with 
strong solar conversion efficiency compared with pure or individual inorganic nanoparticles. Such heterostructured 
nanohybrids are also used for the energy storage and sensor devices as demonstrated by several researchers [2, 3].
The chemical structures, size, morphologies, properties and device characteristics will vary depending on the type of 
inorganic nanoparticles, which have a dazzling future in the nano opto-electronic industry.  

Electrochemical supercapacitor energy storage systems have potential applications in development of wide range 
of electrical devices such as memory backup devices, hybrid electric vehicles, digital and portable electronic devices 
which is due to their outstanding electrochemical performance such as high energy density, high power density, 
specific capacitance, fast charging-discharging mechanism as well as long cycle life with high durability [3-5]. 
However, the energy density of supercapacitor is low compared with rechargeable batteries. Hence, researchers are 
trying to improve their energy densities to reach those of batteries. Various physical and wet chemical methods used 
to prepare various carbon nanostructured materials such as carbon black, activated carbon, 3D graphene sheets, 1D 
carbon nanotubes, porous carbons, graphene quantum dots, nanodiamond, porous carbons, onions-shaped carbons, 
2D carbons, etc [ 6-10]. Among them, graphene has outstanding thermal, mechanical and electrical properties due to 
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their high surface area and nanostructures [11-13]. They are low-cost, easy synthesis, production in large quantity, 
and excellent renewable carbons for energy storage and sensor applications [14, 15]. 

Different materials such as polyaniline, polypyrrole and polythiophene have been used for the electrochemical 
sensors and energy storage devices [16-18]. It’s due to their good properties such as good stability under ambient 
conditions, good electrical conductivity, chemical and thermal stability which allows applying it as an electron relay. 
Composites were prepared based on polypyrrole and graphene oxide for the sensors [19]. GO coated with 
polyaniline has been used as binder-free electrodes for electrochemical supercapacitors [20]. They shows specific 
capacitance of 385 F/g at 0.5 A/g and 243 F/g at 1 A/g. 3D porous GO foam was prepared using nickel foam as the 
hard template, polyaniline arrays was coated on the surface of GO for supercapacitors that shows high specific 
capacitance of 790 F/g and volumetric capacitance of 205 F/cm3 at 1 A/g [21]. However, this process tedious 
process such as using sacrificial template method that hinders the mass-production. Polythiophene/nano-carbon/Pt 
composite electrode showed volumetric capacitance of 10 F/cm3 in liquid and solid electrolytes at a scan rate of 10 
V/s [22]. Other metal and metal oxides such as NiCo2O4, ZnCo2O4, MnO2, CoFe2O4, etc has been used to improve 
the electrochemical performance of the electrodes [23-26].

Silver nanoparticles have excellent optical and electrical properties and they used in many potential applications 
such as immobilized enzyme, cell separations, cytotoxicity, targeting therapy and energy storage devices [27, 28]. 
However, the reports on GO-Ag based hybrid for both electrochemical energy storage devices and sensors are rare. 
Novelty of this work is to use same electrode materials for both applications with enhanced electrochemical 
performance of GO-Ag hybrid. Ag NPs functionalized GO hybrid was prepared, and characterized by TEM, XRD, 
Raman spectra and an electrochemical behavior using cyclic voltammetry (CV), Electrochemical Impedance 
Spectroscopy (EIS). The as-synthesized GO-Ag hybrid electrodes exhibit good specific capacitance with 
electrochemical stability, as well as good electrochemical biosensing for glucose. We further investigated GO/Ag 
hybrid films for their optical, electrical conducting and band-gap properties for solar cells applications. 

2. Experimental

Initially, GO was prepared from the graphite as per our previous work [8]. Then, GO was dispersed in 20 mL of
DI water containing AgNO3 (2x10-4 M), and sodium citrate (1.7x10-3 M) that act as stabilizing agent. 0.6 mL of pre-
prepared ice cold sodium borohydride solution was added to above solution by drop-wise and stir the mixed 
solution. Finally, GO-Ag hybrid is washed with DI water and ethanol to remove the impurities, filtered using 
membrane filter and dried in vacuum oven at 50 C.

2.1. Characterization methods 

GO-Ag nanohybrids were analyzed for their structural, optical, electrical conducting and electrochemical 
properties by using TEM, XRD, XPS, Raman, CV and EIS, respectively.  

3. Results and Discussion

3.1. Morphology and Structural Properties of GO-Ag Nanohybrids 

The size and morphological structures of GO-Ag nanohybrids were directly analyzed by using TEM, as shown in 
Figure 1. It clearly reveals that 10-15 nm size of silver nanoparticles was well dispersed on GO surface. These Ag 
particles on GO surface are uniform size with individually distributed. Charges present on the GO surface form 
complex with negative charges of Ag ions in the aqueous solution. When the addition of NaBH4 as the reducing 
agent to aqueous solution, Ag ions are reduced to Ag particles on GO surface, resulting in the formation of GO-Ag 
nanohybrid. Since Ag particles are excellent electrical conductors, they improve the electrochemical characteristics 
of GO-Ag nanohybrid.  
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FIGURE 1. TEM image of Ag nanoparticles-functionalized GO hybrid. Scale bar is 100 nm.

To confirm the electronic structure of Ag nanoparticles coated-GO hybrid, Raman spectroscopy was performed 
and the data was presented in Figure 2. GO-Ag hybrid showed two strong peaks at 1350 and 1600 Cm-1 which are 
called as D and G bands. D band originates from the level of disordered carbons and G band originates from the 
Raman vibrational modes of graphite. It confirm from Raman results that the electronic structure of GO did not 
change upon coating with silver nanoparticles. 
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FIGURE 2. Raman spectra of GO-Ag nanohybrid. 

020003-3



3.2. Supercapacitor and Sensor Performance of GO-Ag Nanohybrids 

The GO-Ag hybrids were tested for their use as electrodes for electrochemical supercapacitors and sensors. The 
cyclic voltammetry results of hybrid electrode showed that the curves with more quasi-rectangular behavior than 
that of pure GO. This indicates that better electrochemical performance for GO-Ag nanohybrid than that of pure GO.
This is due to better electron transportation and enhanced electrical characteristics of GO after coating with Ag 
particles on their surface. The specific capacitance of GO-Ag hybrid electrode was 228 F/g at a current density of 
0.5 A/g. After 2000 cycles, they exhibited the capacity retention of 74%. The good electrochemical capacitive 
performance of hybrid is due to i) change in the morphological heterostructure, ii) Ag particles can improve 
electrolyte osmosis and reduce the ionic diffusion parthway, iii) Ag particles in the composite favor the pathway for 
rapid charge storage and transfer.  

Since Ag has excellent sensing ability, we also tested its electrochemical sensing performance for the detection 
of glucose. The composite solution was dispersed on the surface of an ITO electrode. 25 ul of GOx was immobilized 
onto surface of GO-Ag hybrid. Pure GO/GOx sensor device was also similarly tested for comparison. The CV results 
reveal that GO-Ag hybrid in the absence of glucose shows a pair of redox peaks that indicates that good electron 
transfer occur between the redox center of GOx and the electrode surface. The hydrogen peroxide reduction current 
of hybrid electrode is higher than of pure Go electrode. The higher peak current for glucose for hybrid electrode is 
due to the difference between the isoelectric points of silver particles and GOx. Therefore, this novel material can 
provide good enzyme adsorption through direct electron transfer between the redox sites of enzyme and the surface 
of electrode. The reason for this is Ag particles on GO surface can greatly enhance the effective reactive area of 
electrode and Ag particles promote the electron transfer. Hence, this material can be potential biosensor with good 
stability.  

3.3. Band-gap and opto-electronic properties of GO/Ag hybrid films 

Since carbon nanostructured materials are transparent conducting electrodes, they play key role in the large scale 
opto-electronic devices such as photovoltaic devices, light-emitting diodes LED), solar cells, photoanodes for 
hydrogen generation, etc. Current LED electrodes are developed by using indium tin oxide (ITO) as it has excellent 
electrical conducting, photoelectrochemical properties and remarkable optical transmittance. However, they have 
limitations that restrict for practical industrial applications due to high cost, less durability, and diffusion of In 
element into the light-emitting layer. We have used efficient functionalization method to uniformly coat silver 
nanoparticles on the surface of graphene oxide. The monodispersed noble metal particles present on graphene oxide 
further significantly enhances the photo-electrochemical properties of GO/Ag hybrid electrodes due to unique 
properties of silver nanoparticles with an excellent electrical conductivity (6.3 x 107 S/m), thermal stability and 
optical characteristics as well as their potential use in a wide range of applications in the nano-electronic devices. 
Another promising candidate material is graphene to replace ITO transparent electrodes due to large surface area 
and electrical properties. Combining graphene oxide with silver particles, GO/Ag hybrid can provide both 
outstanding optical and electrical properties. We except that these opto-electrical characteristics are useful to 
fabricate quality transparent electrode devices with excellent luminous efficiency. Therefore, we attempted to 
investigate graphene-Ag based composites as an alternative transparent conducting electrode for 
photoelectrochemical applications. Our GO/Ag hybrid transparent conducting films show low resistance of 42 
Ohms/sq and good optical transmittance in the visible region. These preliminary results reveal that GO/Ag 
composite transparent conducting films can be used as an alternative promising candidate to replace conventional 
ITO in opto-electronic devices such as solar cells, photovoltaic devices and photoanodes for water splitting to 
generate hydrogen. Optical transparency behavior in the nanohybrid is an important benefit of solar cells for wide 
range of practical applications such as windows, roof panels or various decorative large installations. We also used 
XPS to determine the electronic properties of GO/Ag hybrid. GO/Ag hybrid shows the Ag 3d5/2 and Ag 3d3/2 bands 
at 367.2 and 373.5 eV that are attributed to binding energies of Ag element. The difference between two bands is 6.3 
eV. This is caused by the electron transfer from Ag to GO. Since the work function of Ag (4.2 eV) is smaller than 
that of graphene (4.8 eV), the electron transfer from Ag nanoparticles to GO automatically take place in the GO/Ag 
hybrid film. This would lead to effective doping GO with Ag through more electrons and improve its Fermi level 
above the conical point, and changes band-gap engineering behavior.  
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4. CONCLUSIONS

Ag nanoparticles functionalized GO was successfully synthesized through the sodium citrate chemical reduction 
method. They synthesized GO-Ag nanohybrids showed good electrochemical properties such as good specific 
capacitance and good cycling stability. Moreover, hybrid electrodes showed good performance as biosensor for the 
detection of glucose. The excellent electrochemical characteristics indicate that novel GO-Ag hybrids are promising 
electrode materials for the electrochemical energy storage and biosensors. These transparent GO/Ag films also show 
good photo-electrochemical properties, suggesting that these films are promising candidates as the transparent 
conductive electrodes in devices such as solar cells.  
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Abstract. The aim of this paper is to present some preliminary results on the efficiency of a wind turbine for an off-grid 
housing unit. To generate power, the unit uses a photovoltaic solar array and a vertical-axis wind turbine (VAWT). The 
existing VAWT was analysed to improve efficiency and increase power generation. There were found to be two main 
sources of inefficiency: 1. the 750W DC epicyclic generator performed poorly in low winds, and 2. the turbine blades 
wobbled, allowing for energy loss due to off-axis rotation. A 12V DC permanent magnet alternator was chosen that met 
the power requirements of the housing unit and would generate power at lower wind speeds. A support bracket was 
designed to prevent the turbine blades from wobbling. 

 

INTRODUCTION 

A vertical-axis wind turbine is a device that generates power by converting kinetic energy from wind into 
electricity. What distinguishes a vertical-axis turbine from the more common horizontal variety is that the axis of 
rotation of a VAWT is perpendicular, rather than parallel, to the wind flow. VAWT systems are generally to be 
installed in small spaces, making them ideal for rooftop applications. Also, VAWT systems capture wind from all 
directions, so they are well-suited to work in variable conditions (Bellarmine and Urquhart, 1996). 

 
The housing unit being built in the Off-Grid Technology Lab is designed to function as a habitable dwelling 

independent of power, water, and waste infrastructure. Preliminary testing has been done on the existing power 
systems – the solar array and VAWT – to determine how much power can be expected to be generated by both 
systems. The total energy required per day was estimated to be 0.69 kWh, and the existing solar power system 
generated 0.641 kWh per day. This results in an energy demand that exceeds 0.049kWh per day generated by the 
wind turbine. 
 

EXISTING DESIGN 

 The design of the DOMUS 750 wind turbine features a Darrieus design, which arranges the aerofoils so 
that they are set relative to the structure on which they are mounted, see Figure 1. This blade design is effective 
regardless of the wind direction and increases low-wind performance while maintaining efficiency in high winds. 
This design also allows for the rotor to spin many times faster than the wind speed, increasing energy production. 
The generator that comes with the DOMUS 750 is a 36V DC permanent magnet brushed motor, which is only 
69x60mm in size. The compact design works well in the apparatus, but constrains the effectiveness of the wind 
turbine as a whole.  
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 Currently the wind turbine is mounted to a steel base, but with the proper hardware the turbine can be 

mounted anywhere on the roof of the off-grid housing unit. Keeping the turbine on the base at ground level has 
helped with testing and adding small changes to the design. To implement the turbine into the power generation 
system in the house, the generator will need to be connected to a charge controller that will be able to harness useful 
energy from the turbine when the solar panels do not supply enough power while also being able to dump the excess 
power developed by the turbine when there is ample wind and sunlight.  

 

 
Figure 1. DOMUS 750 vertical axis wind turbine 

 

TEST RESULTS 

 Here we summarize the main results obtained during the testing of the wind turbine. The wind velocity was 
increased from 0 to 19 m/s and then was decreased until zero. Figure 2 shows the rotational frequency versus wind 
speed. The start-up wind speed was 4 m/s. Above this speed the rotation frequency increases 7.2 RMP/(m/s). The 
noise produced by the turbine was moderated, with a range of 55 and 75 Decibels at one meter of the turbine. Figure 
3 shows the the wind velocity vs power. it is shown that a linear increase in wind speed generates an exponential 
increase in power generation. In heavy winds the power generated is substantially more than in light winds. It is also 
important to note that because of the vertical axis, wind speed is much more important than wind direction.  

 
Although it is not plotted on the above graph, the efficiency of the generator can be calculated for wind at 5m/s. 

Since the power generated is 0.003W, the calculated efficiency is only 6%. This must be greatly improved, since the 
current design only generates 0.000072kWh per day of the necessary 0.049kWh per day.  

 
 The turbine’s efficiency comes predominantly from the generator that is currently being used. The 

generator has very poor low-wind performance, as it is designed for steady high wind applications. The generator 
has a large amount of resistance to motion, so it is hard to get the turbine spinning initially. While the generator has 
applications in other regions, Sydney has average wind speeds ranging from 2.3 to 3.9m/s, making the design 
ineffective for producing power (Bureau of Meteorology, 2017).  

 
The other issue with the generator is the amount of play in the generator shaft. Because of the limited size, the 

generator shaft has enough deflection to cause an off-axis tilt of 4cm measured from the tip of the turbine blades. 
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This stem is not sturdy enough, and the energy lost due to the off-axis movement is substantial enough to reduce the 
system’s rotational energy, leading to a large decrease in low-wind performance and efficiency.   

 

 
Figure 2. Angular frequency of the turbine versus wind speed. 

 

 

Figure 3. Power generated by the turbine versus wind speed. 
 

   
 

020004-3



 

DESIGN IMPROVEMENTS 

 The best option for fixing the efficiency issues of the turbine is to replace the generator with another 
popular option for VAWTs. By replacing the generator with one that requires less torque and has a smaller gear ratio 
would improve the low-wind performance of the turbine without hurting the performance in high wind scenarios. 
Below is a decision matrix of generator options, see Table 1. Each one of these alternative generators is a modified 
DELCO model generator, so each one is similar in size.  

 

Table 1: Decision matrix of generator options 

 

  
MODEL 

Avg. Power 
Generation 
Capability 

Start-up 
Wind Speed Cost Size 

Peak Power 
Output at 
1000 RPM 

Wind Blue 
Power PMA 

DC-540 

14V, 2A (28W) 
@ 150 RPM ~2.5 m/s $285 16cm x 16cm 

Cylinder 1,170W 

Missouri Wind 
and Solar 12V 

DC PMA 

12V, 1.5A  
(18W) 

@ 150 RPM 
“Very low” $155 16cm x 16cm 

Cylinder 770W 

Hurricane Wind 
Cat 4 Neo Core 

PMA 

28V, 2.2A 
(61.6W) 

@ 200 RPM 
~2.7 m/s $320 16cm x 16cm 

Cylinder 1,691W 

Current 
Generator: 

DOMUS 750 

8.4W 
@ 100 RPM ~5 m/s $0 

Smaller than 
options listed 

above 
N/A 

  
 
The wobble issue will likely be remedied by replacing the generator with a more robust unit, but to make certain 

that the design will work shaft supports will be added to the turbine. A bracket will be attached to the connection 
between the blades and the generator shaft. The bracket will feature three L-shaped arms (Figure 4) that make 
contact with the turbine’s vertical axis shaft via rollers (Figure 5). These rollers will have some friction reducing 
their effectiveness, but it will be much less energy loss when compared to the current wobble. 
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Figure 4. Bracket with L-shaped arms Figure 5. Turbine bracket attached to turbine 
 

  
           

CONCLUSIONS 

 Based on the decision matrix for the new generator options, the option that most suits the needs of the 
project is the Missouri Wind and Solar Permanent Magnet Alternator (PMA). The 12V DC output can be easily 
added to the existing power storage system from the solar panel system. The generator also has been specifically 
designed for low wind startup, and is specifically designed for wind turbine usage. Given a higher budget, the 
Hurricane Wind Cat 4 Neo Core PMA is also a good choice, but the added benefit is not as substantial for its price 
point.   

Replacing the generator with one of these options has issues, however. The DOMUS 750 generator which is 
currently being used is a much smaller size than the DELCO style generators which have been proposed. These 
much larger generators will likely require more parts to be machined in order to be mounted to the existing turbine 
framework. While this is a complicated addition to the project, other generators that are similar in size to the existing 
DOMUS 750 are exceedingly rare.  

The stabilizing bracket and arms will be machined at the University of Sydney Civil Engineering workshop. The 
parts will be made from aluminium so that they retain their rigidity without being too heavy. This design might need 
to be changed if a larger generator is used in the turbine, as space near the generator shaft will be much tighter than 
at present.  
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sh was used to cover the hose’s inlet 

Influent Greywater 
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Plant Box 

–

. In order to maintain a level of water within the plant’s container 
at all times, the container’s discharge tube was extended to ¾ height of the container, then returned to the sand 

–

–

–
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Porous Filters

In the same way as the plant containers, tubes were installed at the container’s bottom to fully direct effluent discharge 

container’s base, this is presented in 

measured with a hand held instrument, “Excelvan® TDS & Conductivity meter”. The instrument has an accuracy of 
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labelled “In 3” being the influent of the 20
effluent’s respected retention time. An image of the first sand container s
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“barely visible”. A conversion of the liquid height can then be made to 
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liquid. Similarly, sealing the rubber tubes to the terracotta was extremely difficult due to the material’s chalky surface. 

n the form of a clay layer at the container’s base which allow the liquid is gradually permeate out of 
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Filtration capabilities in the experiment’s multi

equally if not more important due to health risks. Thus, the system’s success remains inconclusive as further research 
he system’s biological removal efficiencies. The protruding plant container design and 

– Choosing a Clay or Plastic Pot for Plants. 

Measures of Australia's Progress,. 
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Abstract. Increased urbanization has led to a worsening in the quality of life for many people living in large cities in 
respect of the urban heat island effect and increases of indoor temperatures in housing and other buildings. A solution 
may be to retrofit existing environments to their former conditions, with a combination of green infrastructures applied to 
existing walls and rooftops. Retrofitted green roofs may attenuate housing temperature. However, with tall buildings, 
facade areas are much larger compared to rooftop areas, the role of green walls in mitigating extreme temperatures is 
more pronounced. Thus, the combination of green roofs and green walls is expected to promote a better thermal 
performance in the building envelope. For this purpose, a modular vegetated system is adopted for covering both walls 
and rooftops. Rather than temperature itself, the heat index, which comprises the combined effect of temperature and 
relative humidity is used in the evaluation of thermal comfort in small scale experiments performed in Sydney - 
Australia, where identical timber framed structures prototypes (vegetated and non-vegetated) are compared. The results 
have shown a different understanding of thermal comfort improvement regarding heat index rather than temperature 
itself. The combination of green roof and walls has a valid role to play in heat index attenuation. 

INTRODUCTION 

High density population areas have led to a worsening in the quality of life for many people in large cities in 
respect of the urban heat island effect and increases of indoor temperatures in residential and other buildings. To 
worsen the present scenario, the total urban population is said to increase to 66% of world population or 6.3 billion 
people by 2050 [1]. This is also coupled with overall global temperature increases occurring as a result of global 
warming and climate change [2]. Consequently, as a result of population and temperature increases, there a potential 
trend for health issues related to heat stress especially in elderly populations [3, 4]. 

Retrofitting existing buildings may contribute as a partial solution to these problems through a combination of 
green roof and green walls applied to existing rooftops and walls, respectively. As presented by Wilkinson and 
Castiglia Feitosa [5] green roofs may attenuate housing temperature. However it is important to highlight that due to 
the common tall characteristics of buildings, facade areas are substantially larger than those from rooftops. Thus, it 
is expected a more pronounced effect of green walls in attenuating housing temperatures [6]. However the 
combination of green roof and green walls is likely to provide a better thermal performance in the building envelope. 
In this way the present work intended to investigate to what extent this was the case.  With this goal, a modular 
vegetated system is adopted for covering both rooftops and walls. 

Rather than temperature itself, the heat index that encompasses the simultaneous effect of relative humidity and 
temperature, is used as the indicator of thermal comfort in Sydney – Australia using small scale experiments that 
compares two identical timber framed structure prototypes where one is fully covered with vegetation (walls and 
rooftop), and the other is not. 

Several countries are expected to be effected heat waves in the upcoming years due to climate change impacts. In 
addition, according to Mertz et al. [7] many developing countries are predicted to be affected by increased 
temperatures. Thus, retrofitting existing buildings in a short time frame may comprise a suitable and viable solution. 
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The present research sought to evaluate the thermal performance of lightweight and low cost systems in retrofitting 
green walls and rooftops from existing buildings with no need of structural reinforcement. It also sets out the 
rationale for research design and experimental setups. The results presented show the performance of the vegetated 
structure in heat index attenuation, when compared to the non-vegetated structure.   

METHODS 

The methodology adopted herein encompasses the use of adaptive techniques that aim to mitigate the problems 
caused by increasing urbanisation, such as heat island effects and high internal housing temperatures promoted by 
direct solar radiation. A proposed solution for this issue is the use of lightweight vegetated modular systems that 
allow planting, cultivation and maintenance to be undertaken off site. This low cost technique is a simple and 
straightforward application for existing walls and rooftops. However, due to the significant and growing numbers of 
tall buildings in urban centres, facades become more relevant than rooftop areas in terms of heat exchange as they 
offer a greater area to plant out which is also highly visible to many people increasing the Biophilic effect [8]. 

Experimental Procedure 

In order to evaluate the combined effect of green roofs and green walls an experimental setup was established at 
the University of Technology Sydney (UTS) Australia, using a selection of succulent plants due to their low risk of 
fire, drought resistance and good capability of development in shallow substrates that, in turn, avoided the need of 
structural reinforcement.    

As shown in the Fig. 1 the adopted system comprise modular characteristics that make it possible to apply 
previously planted vegetated modules onto existing roof coverings, comprising either metal sheeting, roof tiles, or 
concrete roof slabs. To avoid the soil particles loss, it used a permeable fabric that separates the substrate from 
drainage and storage system that can retro feed the soil with water vapour during the evaporation process. 
Additional details about the methodology can be found in Wilkinson and Castiglia Feitosa [9].     

 

FIGURE 1. Green roof and green walls experimental setup. 
 
The green wall methodology was designed originally at Oswaldo Cruz Foundation (Fiocruz) Brazil is not 

presented in this paper, but is described by Wilkinson and Castiglia Feitosa [9]. In the experimental setup performed 
in Sydney plastic closed boxes, with six circular shaped openings drilled into the outer face in a three row and two 
column array, were used as containers for soil and plants. In this case, 5 cm of substrate is placed into the container 
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before being covered by geotextile fabric, and then sealed by the cover of the container box. Once this was 
completed, the plants were set in soil through small cuts in the geotextile fabric, and after the plants had established 
themselves, the boxes are placed by in "U" shaped metal profiles screw fixed to the external wall. The combined 
effect of vegetated roof and walls in heat index attenuation is performed by comparing two identical prototypes 
constructed with a 100mm thick timber framed structure covered with 13mm thick cement board, where one is fully 
covered with vegetation on walls and the roof, a profiled metal sheet covering, and the other structure is not (see 
Fig.1). 

Heat Index Evaluation 

Records of temperature and relative humidity were taken every 30 minutes, simultaneously inside the vegetated 
and non-vegetated prototypes by using data loggers supplied by Extech RHT10 over 92 days, from January 19th 
2016 to April 20th 2016. 

The heat index expresses the “apparent temperature” in degrees Celsius or Fahrenheit as a combined effect of 
relative humidity and air temperature. It is used by the National Weather Service (NWS), U.S. Government that 
provides weather forecasts and warnings of hazardous weather. Instead of considering only the influence of 
temperature on thermal comfort evaluation, the “apparent temperature” indicates the heat sensation due to the effect 
of relative humidity that indicates the amount of moisture in the air [10].  

Relative humidity plays a relevant role on thermal comfort evaluation, once it is responsible for regulating the 
evaporation rate of sweat from the skin that responds to the cooling of the human body. Higher levels of relative 
humidity mitigate sweat evaporation from the skin, and increase the sensation of heat experienced by human beings 
[10]. 

In terms of environmental health research, the work carried by Steadman [11] provides the basis for the so called 
Steadman’s apparent temperature. It translates the combined effect of relative humidity and temperature into a scale 
called heat index that has the same units of temperature. 

Anderson et al. [6] investigated and compared 21 algorithms that calculate heat index as a function of 
temperature and relative humidity, or dew point temperature. These authors pointed out that NWS algorithm [12], 
presented in the flowchart below (Fig.2), had the best fit Steadman’s table [11], and as a result it was chosen to 
calculate heat index in the present work. It is worth highlighting that initially heat index values were calculated 
using temperature unit measured in degrees Fahrenheit. These results were later converted to degrees Celsius.  

 

FIGURE 2. Flowchart of the algorithm of heat index (HI) calculation used by NWS based on air temperature in degrees 
Fahrenheit (T) and relative humidity in per cent (RH). 
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The risk analysis assessment in terms of heat stress is related to heat index according to the following heat 
advisory categories described in Table 1, which evaluates the likelihood of heat disorders with prolonged exposure 
or strenuous activity. 

TABLE 1. Classification of heat advisories in United States according to NWS. 
Categories Heat Index Possible Heat Disorders for People in High Risk Groups 

Extreme  
danger 

> 54°C Heat stroke or sunstroke likely. 

Danger 
41 - 54°C Sunstroke, muscle cramps, and/or heat exhaustion likely. 

Heatstroke possible with prolonged exposure and/or physical 
activity. 

Extreme 
caution 

32 - 41°C Sunstroke, muscle cramps, and/or heat exhaustion possible with 
prolonged exposure and/or physical activity. 

Caution 27 - 32°C Fatigue possible with prolonged exposure and/or physical 
activity. 

 

RESULTS AND DISCUSSION 

Figure 3 presents a comparison between relative humidity, temperature, and the calculated heat index according 
to the NSW algorithm, during a 92 day-period that comprised mostly summer and mid-autumn seasons in Sydney. 
In addition, Table 2 summarises the maximum, minimum and average of the measured parameters, relative humidity 
and temperature, and their associated values of heat index for both non-vegetated and vegetated structures. 

TABLE 2. Sydney maximum, minimum and average limits of temperature, relative humidity and heat index. 
Categories Temperature Relative Humidity Heat Index  

 Vegetated Non-
vegetated 

Vegetated Non-
vegetated 

Vegetated Non-vegetated 

Maximum 33.0 42.0 88.5 81.3 36.3 55.9 
Minimum  15.5 15.4 38.6 36.3 15.5 15.4 
Average 23.4 24.8 74 65.5 23.6 25.6 
 
All limits of relative humidity levels were higher for the vegetated structure, when compared to the non-

vegetated one. It indicated an influx of moisture into the vegetated prototype due to evapotranspiration process of 
plants. In the Fig.3 it can be seen that the records of relative humidity in the vegetated structure were permanently 
higher than those from the non-vegetated structure.  

The maximum temperatures were registered during the daytime, whereas the lowest occurred during early 
morning hours. When compared to temperature the higher levels of heat index were substantially higher. However, 
according to the algorithm used, the minimum values of heat index and temperature are about the same for 
temperatures lower than 26.7°C. 

Based on the temperature attenuation, as depicted in Fig. 3 the temperature differences varied from -1.1°C to 
12.0°C. The positive differences mean that the non-vegetated structure was warmer than the vegetated structure 
during the daytime, while the negative differences (vegetated structure warmer than non-vegetated structure) were 
commonly registered in the night-time and early morning. 

In terms of heat index, the difference between the non-vegetated, and the vegetated structure varied from -3.4°C 
to 21°C. It can be highlighted that in terms of heat index the influence of vegetation is even more pronounced when 
comparing vegetated to non-vegetated structure. As a result it is evident an increase in the ranges of temperature 
attenuation. The temperature showed to be more effective on heat index. However, relative higher levels of relative 
humidity in vegetated structures may counteract the effects of attenuation of temperature promoted by the 
vegetation. In the present case besides the vegetated structure having higher relative humidity levels than non-
vegetated structure, such levels were not substantial to offset the effects of relative humidity. 
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FIGURE 3. Comparisons between relative humidity, temperature, and calculated heat index 

 
In the results presented, the efficiency in temperature and heat index attenuation is relevant. Table 3 presents a 

summary of the measured parameters of temperature and relative humidity, and their respective calculated values of 
heat index. 
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TABLE 3. Sydney maximum, minimum and average limits of temperature, relative humidity and heat index. 
Parameters  Non-vegetated 

(NV) 
Vegetated Difference 

(NV) – (V) 
Simultaneous 

Difference 
Temperature Maximum 42.0 33.0 9.0 12.0 
 Minimum 15.4 15.5 -0.1 -1.1 
 Average 24.8 23.4 1.4 - 
Relative Humidity Maximum 81.3 88.5 -7.2 21.8 
 Minimum 36.3 38.6 -2.3 -3.4 
 Average 65.5 74.0 -8.5 - 
Heat Index Maximum 55.9 36.3 19.6 28.1 
 Minimum 15.4 15.5 -0.1 -5.5 
 Average 25.6 23.6 2.0 - 

 
Compared to the previous work undertaken by Wilkinson and Castiglia Feitosa [9] that considered only the 

influence of vegetated roofs in attenuation of internal temperature in metallic sheds, a new set of experiments using 
different building materials was carried out to evaluate the simultaneous of vegetated walls and roof.  
Comparing the both timber-framed structures, the experiments showed significant differences between the non-
vegetated and the vegetated prototypes. The dark blue colour used on the walls of the prototypes, increased the 
internal temperature differences to a greater extent, due to the contrast of the surface temperatures between the 
uncovered walls and shaded walls by vegetation  

The evaluation of thermal comfort is not only influenced by temperature but also by relative humidity levels. 
Compared to non-vegetated structure, it was observed that higher levels of relative humidity prevailed in the 
vegetated structure, even under lower temperatures. This fact indicates the moisture influx due to vegetation 
transpiration into the vegetated structure. Based on the combined influence of temperature and relative humidity in 
determining heat index, the additional moisture supply increases the relative humidity in the vegetated structure, 
offsetting the temperature attenuation promoted by the vegetation. 

The addition of vegetation to walls and roof increase the thermal performance quantified by the U-value 
parameter that indicates the amount of heat transferred through a surface. Low U-values indicate good levels of 
thermal insulation, whereas high U-values indicate the opposite. Wong et al [13] identified in a originally non-
thermal insulating building a reduction in U-value from 2.39 to 1.19 W/m²K after its roof covered with turf. In 
addition, Alcazar & Bass [14] and Castleton [15] also evidenced the role of vegetation in reducing U-value. 
According to Castleton [15] the addition of vegetation to walls and roofs increases not only insulation, but also 
thermal mass that comprises the materials potential to retain energy, and thus, provide inertia against temperature 
fluctuations. As a result, in the vegetated structure there is a temperature peak delay when compared to the non-
vegetated structure.        

The heat stress evaluation is shown according the histogram in Fig. 4 that compares the heat index of the 
vegetated and the non-vegetated structures over 92 days, according to the percentage of time that their values lie on 
the heat advisory categories shown in table 1. 

According to Fig. 4 the adoption of combined systems of vegetated walls and roofs reduced the percentage of 
time under conditions from caution to danger in about 19% of cases. In terms of extreme heat conditions, the 
extreme caution episodes were reduced from 7.6% to 0.4% and the danger conditions from 4.1% to 0%. 
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FIGURE 4. Comparison between Non-vegetated and vegetated houses in relation to percentage of time, along 92 days according 

to the Classification of heat advisories in United States - NWS (2016).  

CONCLUSIONS 

The modular system used in the experimental setup has shown good potential in heat index attenuation. 
However, in tall buildings it is important to note that the cooling effect of vegetated roofs will only extend to few 
floors below the roof. Thus, in terms of improving general thermal comfort it is important to consider the addition of 
vegetation to building facades.    

The temperature attenuation observed was significant when comparing vegetated to non-vegetated structures. It 
is important to highlight that the dark blue colour used on prototype’s walls increased the temperature differences 
observed more due to heat absorption by dark surfaces of the non-vegetated structure in contrast to shaded walls by 
the vegetated structure.  

The relative humidity levels of the vegetated structure was higher along almost all of the data set indicating that 
the moisture influx into vegetated structure is due to transpiration of the plants. 

The heat index depends on the simultaneous combination of temperature and relative humidity in order to assess 
the role of vegetated surfaces in thermal comfort promotion. So, the eventual moisture influx due to the plants’ 
transpiration into the vegetated structure can offset the temperature attenuation observed, and increases the heat 
index values.   

It is important to consider that moisture influx may also be attributed to experimental particularities, such as 
small openings between the roof and walls and also due to walls’ porosity. It is expected that the use of coatings will 
increase the impervious properties of the walls, as well as a sealing the joint between the roof covering and the 
walls, will prevent any moisture ingress into the structure. Although the experimental scale of the experimental 
setup presented here is modest, it is important to take into account the combined effect of the vegetated roof and 
walls in heat index attenuation. Moreover, it is expected that vegetated walls can contribute integrally as a cooling 
mechanism, especially in floors of buildings where there is no contact with roof top areas 

With regards to thermal comfort assessment, the classification of heat advisories is based on heat index limits 
which are categorized to evaluate the risk of possible heat disorders for people in high risk groups. According to 
observations presented in the results, the combination of the vegetated walls and roofs reduced the percentage of 
time under conditions from caution to danger by approximately 19%. Extreme heat conditions, extreme caution and 
danger episodes were reduced correspondingly from 7.6% to 0.4% and from 4.1% to 0%, respectively.  

The combination of the vegetated walls and roof is shown to have a significant influence in promoting thermal 
comfort, keeping buildings in good health without the use of air conditioning systems, which, in turn, can lead to 
substantial energy savings. Thus, it is important to bear in mind that the use of off grid technologies not only 
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improves welfare conditions, but also has indirect effects that can improve environmental conditions and lower the 
demand for energy generation for cooling environments.  
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Abstract. The following is an implementation of a stand-alone system for solar energy harvesting and electrical energy 
storage systems for use in off-grid housing applications. The principal aim of this project was to construct a compact and 
affordable system for an off-grid house and to monitor its efficiency along the year. 

 

INTRODUCTION 
 

The essential concept of an off-grid system is to attempt to separate the dependence of a shelter’s primary living 
systems from public infrastructure and utilities.  

 
Many lifestyles and applications require off-grid systems due to their lack of proximity to an energy grid of any 

kind. These include remote settlements, inland farms, marine vessels, stationary oil rigs, remote telecommunication 
systems, alpine and desert postings, and many others. In addition to off-grid energy systems built from necessity, a 
growing trend of voluntary off-grid living is present in the global market.  The continuous reduction of price in solar 
panels and batteries had led to a growing tendency of living off the grid [1]. 

 
Aside from the specialized applications described and the trends in the market, the greatest proportion of the 

global population with no connection to grid utilities are those who due to poverty and lack of infrastructure are 
unable to access electricity, water and waste systems. According to the World Bank 15.4% of the global population 
were lacking access to electricity in 2012 [2]. In addition to impoverished areas, the instance of natural disasters has 
the potential to incapacitate public utility grids and networks, which creates the necessity of temporary off-grid 
systems.  

 
This project will examine the possibilities of an off-grid solar energy system, also called stand-alone solar 

system, in an urban area in Sydney, Australia. This will include the setup of a solar energy system using 
commercially available components and analysis of performance under sunny and cloudy conditions in the Sydney 
region.  
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SYSTEM COMPONENTS 

The system was installed as shown in Figure 1. Two solar panels of 180 W at standard test conditions (STC) are 
connected in parallel to the charge controller. The battery and inverter are then wired into their respective input 
terminals on the charge controller. The system was design to work with standard extra low voltage (ELV) 
components (12V) and all wiring was completed using a dual core copper wire selected accordingly.  

 
The multimeters used for data-logging were installed as follows; the amperage meter was connected in series on 

the positive connector of the solar array, and the voltage meter was connected in parallel on the solar array input 
terminals through a 20 m wire extension. These multimeters were then connected to a 9 V DC power source to allow 
them to have an indefinite supply of power for long-term data logging. Each multimeter was then synced to a 
separate PC computer via a Wi-Fi module for connection and interface with the data logging software.  

 

 
Figure 1: Diagram of the solar system and data logging equipment 

Solar Panels 

   The panels chosen for the system were two 180W Powertech flexible silicone monocrystalline panels, see 
Figure 2. The efficiency of the panel is calculated using the formula 
 

Efficiency = Power of solar panel/ (area of solar panel × nominal solar power) 
 

  The dimensions of the panels are 1.3m × 0.8m and had a nominal voltage of 12V with a maximum power 
voltage (PMAX) of 180W. The nominal solar power is 1000W/m2.  Thus the efficiency is 13.3%. 
 

The full specifications of the panels including the voltage and intensity at maximal power (MP)  VMP and IMP are 
displayed in Figure 3 below 
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Figure 2: Uninstalled solar panels undergoing preliminary tests  Figure 3: Full manufacturer’s performance specifications of 

solar panels 
 

Battery 

For the system, we installed a single 12 V, 100 Ah deep cycle gel sealed acid battery, see Figure 4. The 100 Ah 
(amp-hour) refers to the capacity at a 10 Amperes draw in 10 hours. Multiplying this value by the voltage of the 
battery gives the capacity in watt hours at this amperage draw. As such, the capacity is   

 
Total energy = 12 V ×100 Ah = 1200 Wh = 1.2 kWh 
 
A simple battery test was implemented with the aim of gaining a practical measure of the battery's capacity 

based on its performance when connected to the entire system.  A simulated appliance load of 10.9 amps (exerted by 
two halogen lights and a submersible water pump) was placed on the system without any assistance from the solar 
panels. The time taken to drain the battery was recorded which came out at an average of 9.24 0.2  hours based on 
3 tests.  If we multiply the hours by the 10.9 A load one can retrieve a figure for the battery capacity of 100.72Ah. 
The test are consistent with the specified discharged times specified in the product, which are included in Table 1.  

 
Discharging time  Capacity Energy 
1 hour 58.5 Ah 0.702 kWh 
5 hours 81 Ah 0.972 kWh 
10 hours 100 Ah 1.2 kWh 
20 hours  102 Ah 1.224 kWh 

Table 1: Specification of capacity of the battery versus discharging time 
 
 

Solar controller 

The solar controller in Figure 5 is a programmable Powertech controller. The controller operates either at 12 V 
or 24 V inputs from the solar panels and from the batteries, but it has a 12V output. The controller has a maximum 
current draw on the batteries of 30 amps and an efficiency rating of 97%. 
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Inverter 

The inverter selected was a Powertec 12 V pure sinewave inverter, shown in Figure 6. . It has an 1100 W 
continuous power capacity and a 2200 W surge capacity. For 240 V appliances (as is the AC output voltage for the 
inverter), the inverter has a maximum continuous current draw of 4.58 amps. The manufacturer gives an averaged 
efficiency rating of 90% for this unit.  
 

 

 
Figure 4: Deep cycle battery 
chosen for the system Figure 5: 30A Powertech solar 

controller 
 

Figure 6: 1100W 12V inverter installed in 
energy system.  

 
 

OFF-GRID UNIT 

The site provided for the off-grid house was on the grounds of The University of Sydney’s campus. The main 
structures of the house are primarily comprised of timber, with poured concrete footing foundations and a corrugated 
iron roof.  The footprint of the building measures approximately 2 m × 3 m and has a height from the finished floor 
level to the interior ceiling of approximately 2.4 m. In addition to this, the entire house is raised 0.8 m off the ground 
on 100 mm × 100 mm square timber posts. A photo of the building in its current state at the time of writing this 
report is shown in Figure 7 below. 

 
To mount the solar panels to the roof, a frame was constructed from a galvanized steel rail extrusion bolted onto 

two 20 mm × 20 mm steel square hollow sections. The purpose of this was to raise the panels off the surface of the 
roof so as to allow an adequate airflow between the two surfaces, thereby minimizing the temperature of the panels. 

 
The solar panels were wired together in parallel through connecting the output terminal connectors with a set of 

y-harnesses so as to have positive to positive terminal and negative to negative terminal. This was done in order to 
keep the nominal voltage of all components of the system at 12 V for simplicity. A 10 m dual core wire designed for 
12 V DC applications was then connected to the outgoing terminals for the pair of panels which could then be wired 
to the controller. A 16 A DC circuit breaker switch was also wired in to this circuit so as to be able to cut the power 
from the solar panels. The battery, inverter, and solar controller were stored inside the house.  Each component of 
the system, including the panels, were wired together with the same 12 V cable as used for the outgoing cable of the 
solar panels.   

 
To monitor the energy input from the solar panels over the course of the day, two identical digital multimeters 

were installed into the system, each of which having a wireless PC interface via a Wi-Fi connection module. This 
allowed for continuous logging of data values from the multimeters at selectable time interval. The multimeters are 
Digitech IP67 qm 1571. The accuracies for DC voltage measurement are ±0.5% and DC amp measurement ±1.4%. 
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Both multimeters were wired onto the solar panel input wires at the charge controller, the first being connected 
in series with the positive cable so as to measure the amperage and the second being connected in parallel with the 
positive and negative ports on the controller. Initially, the intention was to have a single computer inside the house 
to log the incoming data from both multimeters, however it was found that signal interference between the two 
multimeters led to unreliable data collection, with values coming in at irregular time intervals. To overcome this, a 
second computer was set up in an adjacent building and a 20 m cable was wired in parallel to the solar panel ports 
on the charge controller so as to be able to relocate the second multimeter out of range of the first.  

 
 

  
  

  
 

Figure 7: Mounting frame detail and mounting position of the solar panels on the roof. 

RESULTS 

In analyzing the data from the multimeters, plots of the each of the data sets with respect to time were produced, 
so to generate statistics for total solar energy collection over the course of a day. The method of calculating total 
energy was to take the product of the voltage and the amperage logs to produce a plot of the power output in watts. 
This power plot is then integrated over the 24 hour interval where measurements took place, so as to retrieve a figure 
for the total energy collected in watt-hours or kilowatt-hours. The plots on the following pages are representative of 
a typical data set. The most important parameter is that of the total energy collected in kilowatt-hours, calculated as 
the integral of the function of power output (voltage times intensity) with respect to time over the given 24 hour 
interval. 
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Test conditions 

Meteorological conditions significant affect energy collection potential. Hence, the system was tested under 
various weather conditions such as a sunny day, a day with moderate cloud cover, and a day with heavy cloud cover.  
The following data set is from the 24th of October, which had the most hours of sunlight for entire month at 12.4 h 
according to the Bureau of Meteorology; 22nd of October, which had significant cloud cover throughout the day; and 
20th of October, which was observed to have moderate cloud cover. The values of power versus time are included in 
the Figure 8 and the total energy collected in these three cases are included in Table 2. 

 

   
(a) (b) (c) 

Figure 8: Solar energy data set – (a) 24th October 2016 (Sunny/clear conditions), (b) 20th October 2016 (rainy conditions), (c) 22th 
October 2016 (moderate cloud conditions),    Power (black) is given in Watts, and it is calculated as the product of voltage (blue) 

and intensity (yellow). The voltage remains approximated constant around 15 Volts (scale not shown). 
 

Maximal values Sunny day Moderate day Rainy day 
Amperage (A) 7.96 7.43 5.42 

Voltage (V) 18.61 18.9 19.66 
Power (W) 139.21 129.90 90.73 

Total Energy Collected (kWh) 0.785 0.673 0.610 

Table 2: Summary of the harvested energy data 

 

CONCLUSIONS 

In analyzing the results of the solar energy collection tests, the main point of contact for comparison is the 
1.2kWh energy that can be collected from the battery in 10 hours. On a day where the panels performed at their best, 
the total energy collection was 0.785 kWh. This equates to 65.4% of the storage capacity of the battery.  
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