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Abstract

:

The pursuit of wealth has been a basic occupation of humans; as it turns out, wealth increases life expectancy. Analyzing global data, we show that money, probably connected with medical care, increase life expectancy. However, the base of real wealth is access to the Water–Energy–Food nexus, and the access to this also increases life expectancy. The first objective of this study was to compare the present values of wealth with antiquity, and we showed that about 1.4 billion people live in the present under the average lower wages of antiquity. As a case study, we analyze the construction of the Hadrianic aqueduct. We present a detailed description of the construction and the used methods, and we identify the total requirement of labor–time. Then, we investigate the wages of various occupations in the first century AD. The second objective of this study was the estimation of the total cost of daily wages for the construction of the project and the effect of the aqueduct on Athenians’ quality of life. Finally, we show that, today, about two billion people live with less available water than Athenians had with the Hadrianic aqueduct in the second century A.D.
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«καὶ ἤκουσα ὡς φωνὴν ἐν μέσῳ τῶν τεσσάρων ζῴων λέγουσαν· χοῖνιξ σίτου δηναρίου, καὶ τρεῖς χοίνικες κριθῆς δηναρίου· καὶ τὸ ἔλαιον καὶ τὸν οἶνον μὴ ἀδικήσῃς»



(Καινή Διαθήκη, Aποκάλυψη 6:6) [1]






“and I heard a voice in the midst of the four beasts say: A measure of wheat for a denarius, and three measures of barley for a denarius; and see thou hurt not the oil and the wine.”



(New Testament, Revelation 6.6)







1. Introduction


The history of civilization is a pursuit of wealth. Related archeological data indicate that the growth and storage of wealth was a basic function of human societies that led to stratification. The analysis of the data presented in Section 2 shows that this pursuit is aimed at increasing the life expectancy through access to water, food and energy.



Unfortunately, the quantification of the value of wealth varies both temporally and spatially. The values of gold and silver that are considered archetypal symbols of wealth, in recent history, they have fluctuated over a wide range, as demonstrated in Section 3. For this reason, we also examined the values of wheat, which is a necessary quantity for the survival of humans over time. Additionally, we compare the values of wheat in different phases of history, and we find their correspondence of these values with the present.



In Section 4, we examine the case study of Hadrianic aqueduct’s construction costs. In order to approach and describe the construction of the aqueduct, a related research project [2] was implemented, including in situ research [3] and underground explorations.



The Hadrianic aqueduct of Athens was built in the early second century AD at a time when there was an economic and social continuity from the first century. The available literature gives data from inscriptional evidence, with the correlations between the prices of wheat per liter and the wages of various professions at that time.



In order to quantify the cost of the Hadrianic aqueduct, we describe in detail how it was constructed, we analyze the labor–times required and we calculate the total cost with the corresponding labor and wages of the Roman period.



The study correlates the values in antiquity with values of today’s prices (February 2022) in Greece, which is the place of construction of the aqueduct, and we estimate the costs of a similar project using modern material techniques.



In Section 5, we also estimate the water footprint of an Athenian in the Roman era, and we correlate it with the water consumption of people in different countries. We found that about two billion peoples have access to less water than the Athenians of the Roman era.



Overall, this paper presents a holistic approach of values and costs in history, comparing the prosperity of society in different eras, using standardized measures such as wheat wages and water footprint per capita. Furthermore, this paper presents a unique analytical description of the Hadrianic aqueduct, a large-scale infrastructure construction in antiquity, estimating its cost in standardize values.




2. True Wealth. Life Expectancy Related to the Water–Energy–Food Nexus


There is a general criticism about the human pursuit of wealth, which is attributed to their greediness. However, if we look at analytical data, we see that economic status is the quantified prosperity that increases the life expectancy of people, e.g., as seen for the Gross Domestic Product (GDP) of 172 countries (Figure 1), UK data (1600–2011) and the global average between 1870 and 2011, which is probably connected with the access to medical care. In this regard, Confucius famously said that “the first wealth is health” [4,5].



However, life expectancy is correlated to the availability of the Water–Energy–Food nexus, which is necessary for survival (Figure 2, Figure 3 and Figure 4) [9].



The optimum caloric supply for humans is between 2000 and 2500 calories [10]. Data from 172 countries, UK (1600–2013) and global average show that even more consumption of the caloric supply is corelated to life expectancy and is an indicator of prosperity (Figure 2).



Since Homeric times, the size of ox or cattle herds signified the wealth of a person. The symbol of wealth measurement in the Roman Empire was the head of an animal (Latin: capis), which bequeathed to us the term capital. In 1909, Wilhelm Ostwald first noted that energy consumption is correlated with life expectancy [12]. The data in Figure 3 show 172 countries’ average and global average (1870–2011), which confirm his hypothesis.



Nevertheless, energy sources (e.g., animals) could not be easily validated, as they are mostly used multiplying wealth (e.g., agriculture), formulating the stratification of society. A related paper by Kohler et al. showed that the increasing of technology and available energy (use of animals) in ancient times was related to the stratification of society [13]. Recent studies [14,15] delivered also the same conclusions, presenting the dynamics of stratification in society with an entropic approach [16]. The same conclusions were delivered by Atkinson for modern economies [17].



The access to clean water is also an indicator of society’s prosperity and humans’ life expectancy [19]. The data in Figure 4 show 172 countries’ averages (2015) in access of drinking water and the countries’ average footprint for domestic water, which corresponds to the hygienic standards of society [20].




3. Can We Standardize the Values of Wealth?


Since prehistory, humans have devoted much of their energy to making works of art, jewelry and other inoperable objects, which eventually became the testimony of civilization. Redundant activities that do not aim to meet survival needs are aimed at two very volatile values: beauty, which mutates in every cultural phase, and rarity.



In order to find a stable measure to exchange values, humans needed something precious and rare enough. Professor Andrea Sella, in a very interesting article for BBC [24], explained why mankind considers gold and silver precious. Especially for gold, he noted that, as other metals are white or red (coper) and most of them can be oxidated, the secret to gold’s success as a currency is that, with its unique yellow color, it is unbelievably beautiful. However, as the demand for gold and silver can vary wildly with a fixed supply, that can lead to equally wild swings in its price. Therefore, he concluded that “gold [and silver] makes the worst possible currency”.



Koutsoyiannis and Mamassis [25] noted that mythology has been very influential in triggering social behaviors. Ancient Greek mythology described the subjectivity of gold and how Midas was trapped and starved by his divine charisma transforming everything to gold, which is not eatable [26]. Nevertheless, this myth seems to be a footnote in social perceptions, as gold and silver have a timeless value.



Since the beginning of money’s history, precious metals were used as symbols of exchange value, because unlike energy, they have a material substance. In the Roman Empire the ratio gold to silver was about 11–12:1 [27]. In modern times, the U.S. government fixed the ratio at 15:1 with the Mint Act of 1792 [28]. Since the late 19th century, historical data (orange line in Figure 5a,b) showed that the values had a small variance, and the ratio (Figure 5c) could be considered as consistent to the Mint Act. However, the ratio started to fluctuate in a wide range at the end of 19th century.



The last attempt to consolidate the relation of money to precious metals was made in July 1944 at the Mount Washington Hotel near Bretton Woods, which gave rise to what is widely known as the Bretton Woods Agreement [31].



There, the absolute dominance of the dollar in the markets and strict adherence to trade agreements even between struggling and powerful economies and the linking of the dollar to gold at USD 35 per ounce were established. However, as the US had devalued dollars currency, with a unilateral proclamation on an August Sunday in 1970, Richard Nixon suspended the convertibility of the dollar into gold [32,33].



Although many analysts at the time predicted the end of the dollar, in an ingenious move that can be said was looking back to the archetypal association of capital with energy, two years later, the Americans, through the mediation of Henry Kissinger, came to an agreement with the Saudis, and in exchange for guarantees of their security, persuaded them to make all oil transactions in dollars [34], releasing the values of gold, silver and oil in a wide range of fluctuations (Figure 6a). However, we have to note that, even before the petrodollars, their ratio was fluctuated (Figure 6b).




4. Correlations between Wealth in Antiquity and Now


It is almost impossible to estimate the value of wealth based on the exchange rate of the currencies or the value of precious metals in historical eras. However, as wheat is the base element of the digestive menu of humans, and we have historical information of its cost and wages, we estimated the wheat wages (i.e., the liters of wheat that can be bought by a daily wage). Wheat wages is a proper measure, adapted already in antiquity by Solon for the differentiation of social classes of Athenians on the basis of the medimnoi (bushels) of grain produced [36]. This allows us to create an important cross-cultural comparison of economic wellbeing [37,38,39].



In antiquity, the average daily wage level was about 7.9 L/day. Classical Athens had the highest average daily wage. Loomis noted:




In Eleusis near Athens in the 320s BCE, epigraphic records report that unskilled construction workers received 1.5 drachms per day, compared to 1.25–2.5 drachms for skilled workers. At that time, wheat sold for 5 to 6 drachms per medimnos (c. 52 L). This translates into a daily wheat wage of 13–15.6 L.



[40]





Figure 7 visualizes the average daily wheat wages of unskilled laborers from 21st c. BC until the Renaissance [41,42,43,44,45].



As we wanted to correlate wealth with wheat wages, we studied the values of gold, silver and oil related to wheat in today’s values (1990–2019).



In this analysis, we noted the following range of fluctuations, e.g., coefficient of variation of: Gold-to-Silver Ratio = 2.57, Gold-to-Wheat Ratio = 0.95, Oil-to-Wheat Ratio = 0.04 and Silver-to-Wheat Ratio = 0.01. Interesting to note is that the minimum fluctuation corresponds to the Silver-to-Wheat Ratio (Figure 8).



The prices of wheat in countries’ markets are different than the prices of global markets; however, considering local prices double more than global markets (e.g., 0.3 USD/L), we visualized an indicative relation of wheat wages based on the average GDP per capita [7] of 95 different countries in 2016 (Figure 9).



Figure 9 is encouraging and shows the progress we have made from antiquity. Nevertheless, it shows the average values of daily wheat wages and not the wages of unskilled laborers. With reverse calculations, we found that the average daily wheat wage of an unskilled laborer in antiquity (7.9 L/day) corresponded to about 2.37 USD/day, slightly higher than the value of 1.9 USD, which is considered as the limit of extreme poverty [47]. Studding the income mountains in Gapminder (year 2016) [48], we found that about 1.4 billion people (17.5% of the population) live today under the average daily wage in antiquity.




5. Case Study: The Cost of Athens’ Hadrianic Aqueduct


5.1. The Era of Emperor Hadrian 76–138 AD


Since antiquity, the technology of the civil infrastructure was a key element in the prosperity of a civilization. Tassios noted [49]:




The oldest and most useful set of knowledge was about Technology: whenever a human Need cannot be satisfied by available natural means, artificial means are invented to this end.





Public infrastructures were the key point in this aspect [50,51,52].



Romans made high technological steps with large-scale infrastructure progress [53]. Estimations for the cost of the Roman infrastructures were done mostly by inscriptions that are referred to in the literature [54,55,56].



Hadrian was a Roman Emperor who was focused on large-scale projects [57], traveling constantly throughout the territory of the empire [58] (Figure 10). Hadrian built in Athens (Figure 11) a series of impressive constructions that embellished the city: a library, temple, theater and aqueduct [59,60]. Under Hadrian, the Athenians saw their former glorious city be transformed into a cultural capital of the Roman East. Until the 1930s, the main water supply system of Athens was the Hadrianic aqueduct [61].



We have to note that these infrastructures were not made by slaves but by free citizens. Slaves were very expensive in ancient Rome (a man-slave costed about 600 drachmas [63], and slave owning was not an efficient investment. West referred that, in Egypt, all the slaves mentioned in the papyri (almost without exception) were women kept as concubines or persons kept as domestic servants.



The income of the Roman state was taxation; therefore, it seems that taxes were the financial resources of the construction of large-scale infrastructure projects [64]. Possibly, Roman Emperors were thinking according to the theory of Karl August Wittfogel [65], which assumed that hydraulic works are the basis for human society. Hydraulic works need special knowledge for their construction and bureaucratic management. This justifies social stratification, despotism and the existence of an elite.




5.2. Description of the Hadrianic Aqueduct


The Hadrianic aqueduct is an underground project [66,67]. The main tunnel of the aqueduct starts from the foothills of Parnitha and ends after 20 km in Kolonaki’s reservoir that is located in the outskirts of the Roman city. It has a maximum height of 2 m and a typical width of 50 cm.



As the tunnel is under the groundwater level, the main volume of the carried water is collected by the aqueduct from an underground linear process called υδρομάστευση (groundwater capture) [68] (Figure 12). However, groundwater capture does not happen along all the length of the aqueduct but in areas with proper geological formation with a high-water level. It is also very impressive that the engineers in antiquity had to design an aqueduct without seeing the water. This can be explained by the note of Koutsoyiannis [69]: “Most principles related to water technology and management were known to ancient Greeks”.



A detailed description of the aqueduct, with photos and .kmz location files, can be found in a related research project [2] (Figure 13 and Figure 14).



The Hadrianic aqueduct was a difficult project, designed by highly skilled engineers, carried out by experienced craftsmen, and supplied Athens with water for 1900 years constantly, and it is still operative [69]. Comparing technological solutions to water problems between ancient and modern Greece, Koutsoyiannis noted [70]:




while the present-day technologies are obviously superior, the underlying design principles are not different in the two cases, while it is questionable whether there has been any progress with respect to durability, sustainability and balance in water technology and management.





In order to approach and describe the construction of the aqueduct, in situ research [2], including underground explorations, are carried out from members of the “Urban Speleology Research Team” under the leadership of the second author, Panos Defteraios. The team was trained in the Training Programs of Hellenic Speleological Society (ESE) and followed all required security measures, methods and equipment (Figure 15, Figure 16 and Figures S1–S4).
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Figure 13. Athens 1st c. AD. Hadrianic aqueduct and Kephisos River [2,71]. 






Figure 13. Athens 1st c. AD. Hadrianic aqueduct and Kephisos River [2,71].
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Figure 14. Profile of the aqueduct from Olympic Village to Agios Demetrios. Horizontal axis, the length of the aqueduct in meters; vertical axis, the altitude in meters. 






Figure 14. Profile of the aqueduct from Olympic Village to Agios Demetrios. Horizontal axis, the length of the aqueduct in meters; vertical axis, the altitude in meters.



[image: World 03 00014 g014]







[image: World 03 00014 g015 550] 





Figure 15. In situ research inside the Hadrianic aqueduct. (a) Second author, Panos Defteraios, in an operative and narrow part of the tunnel. (b) Member of the “Urban Speleology Research Team” in the tunnel of the aqueduct. (c) Fourth author, Prof. Nikοs Mamassis, in the tunnel of the aqueduct. 






Figure 15. In situ research inside the Hadrianic aqueduct. (a) Second author, Panos Defteraios, in an operative and narrow part of the tunnel. (b) Member of the “Urban Speleology Research Team” in the tunnel of the aqueduct. (c) Fourth author, Prof. Nikοs Mamassis, in the tunnel of the aqueduct.



[image: World 03 00014 g015]







[image: World 03 00014 g016 550] 





Figure 16. (a–d) Different views of the tunnel of the Hadrianic aqueduct. 






Figure 16. (a–d) Different views of the tunnel of the Hadrianic aqueduct.
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The Hadrianic aqueduct followed the technological knowledge of the Greeks [72,73,74,75,76,77,78], as the Romans preferred to build aqueducts like bridges to transfer water. Table 1 and Figure 17 and Figure 18 compare the Hadrianic aqueduct with the so-called Peisistratean (Hymettus) aqueduct, showing impressive similarities.



The first construction phase of the original aqueduct of Peisistratos was 6th c. B.C. This aqueduct had a network of clay pipes and unknown feed. The archaeologist Olga Voyatzoglou noted that, around 5th c. B.C., the archaic installations were dismantled in most places, and the aqueduct was reconstructed (second construction phase). In 4th c. century BC, a big-scale reconstruction of the aqueduct happened (third construction phase). This was the last extension of the Peisistratean aqueduct [79], and during this period, the aqueduct was dug into the tunnel. As the final aqueduct is an extension and reconstruction of Peisistratean, the term Peisistratean is often used for this aqueduct [80,81]. However, Chiotis and Ziller referred to it as the National Garden-Hymettus aqueduct [67,82]. Considering the above, we used the term “the so-called Peisistratean (Hymettus)” aqueduct.



Related research [68] estimate the maximum annual outflows of Hadrianic, equal to 5.6 hm3/y. The mean daily discharge during the Roman era was estimated to be about 10,000 m3 (3.65 hm3/y). Today, the mean annual discharge (not fully functional) has been measured as 1.7 hm3/y [83,84].




5.3. The Human Resources in the Roman era


Hadrianic aqueduct construction is a complex project. The construction team should have a hierarchy as follows: header team of the construction, “engineers”—special laborers and supportive laborers.



Hanson et al. noted about the division of labor in the Roman era [85]:




The starting point of our analysis is Adam Smith’s famous statement that ‘the division of labour is set by the extent of the market’ [86,87]. The standard interpretation of this observation is that larger markets support larger levels of production which, in turn, demand increasing separation of this production into discrete components and the increasing concentration of individuals on specific tasks [88,89,90,91] … Roman cities did not exist in isolation but were linked to wider systems, hierarchies and networks.





In the Roman Empire, there was no rest in a week. However, Jongman assumed that an unskilled rural laborer worked not more than 250 days a year. Most Romans worked six hours per day [92,93,94,95].




5.4. Description of the Construction of Hadrianic Aqueduct


Tassios [96] noted that: “remnants of ancient Greek Technology lying even under “dark” conditions, are of a paramount archeological importance”. Therefore, is important to describe how and with what resources the applied technology (i.e., large-scale infrastructures) in ancient Greece were created.



To estimate the time and the effort of the project, a significant source is the work of Konofagos [97]. The book describes the procedures for digging wells and tunnels and exploiting silver and lead in ancient Laurion mines [98], an area that prevails marble.



Konofagos considered the used tools and the ability of the worker at the front of the tunnel and estimated that he can excavate about 0.008 m3/h. As the worker must be shifted every few hours, several workers are necessary for a 24-h operation [99]. Konofagos hypothesized 12 h for a worker that can work at the front for 5 h (Figure 19). However, Laurion mines used slaves in contrast to the construction of Hadrianic; therefore, smaller labor times should be considered.



Using the term “continuous worker”, Konofagos described a procedure where the front was dug 24 h per day 30 days per month. Finally, a quantity of an excavation is estimated to be about 0.008 m3/h*24 h*30 d = 5.76 m3 per month. Konofagos also mentioned estimations of Ardaillon [100] of 7.2 m3/month.




5.5. Simulation of the Construction


Estimating the average dimensions by the analytical profile of the Hadrianic aqueduct, we simulated it with a hypothetical tunnel 20 km long with a mean cross-section 0.5 × 1 m, 400 wells of the mean area and depth 1 m2 and 20 m, respectively. Therefore, the construction could be separated into the following 400 modules described in Figure 20. Considering that the width of the coating is about 0.2 m and the coated area is 100% (60% with stones and 40% with slabs), the total volumes of the excavations for the tunnel and wells were 16,800 and 8640 m3, respectively. The total coated areas for the tunnel and wells were 32,000 and 48,000 m2, respectively.




5.6. Duration of the Construction of Hadrianic Aqueduct


For the construction of an aqueduct, a feasibility study would be obviously needed. We consider that a team of 5 officials, 30 high skilled workers (engineers) and 60 workers would be occupied for 12 months.



We consider also a team for supervision as follows: leaders equal to (number of workers/100), high skilled workers (engineers) equal to (number of fronts) and people working to logistics equal to (number of workers/20).



In order to estimate the duration of the construction, it is important to show the interdependencies and the limitations at the construction site.



The wells should be dug first [101] (Figure 21). After, the wells should be coated in order to be functional (Figure 22). The digging of the tunnel will start after (Figure 23), as it would be impossible for the teams to work together. The digging should be interrupted in phases in order to be coated (Figure 24).



We know that the part after Kephisos is under the level of the groundwater horizon. In addition, digging wells, they would find water in some places. These parts of the aqueduct should be constructed linearly when the lower parts are finished (Figure 25).



Analytical descriptions of the efficiency of workers in different phases are given in the Supplementary Materials.



The description of the general idea of the time schedule of the modulus is presented in Figure 26.



The maximum laborers that could work on this construction should be about 4000 people and will end the construction in less than two years. However, it is assumed a longer duration of construction. Leigh noted [102]:




Hadrian’s first Imperial visit in 125 C.E., and therefore took fifteen years to complete. It is equally possible, however that he began the project during his second visit, in 128 C.E., or that the water system was an addendum to the more elaborate architectural project which he dedicated during his third visit in 131/2 C.E. The inscription I.G. II2 1102 is dated to the latter year and records the award of funds for a gymnasium in the city. We know, therefore, that Hadrian was still making gifts to the city late in his reign. Unfortunately, there is not enough data available about the lengths of time involved in building aqueducts to strongly influence the choice of one date over another, but the latest may be too close to the completion date of 140 C.E. for acceptance.





After analytical calculations, we found that the aqueduct could be constructed in 15 years approximately by 500 workers, considering a supervision team of: 5 leaders and 40 highly skilled workers (engineers). In addition, we assumed 25 people working on the logistics.



We also found that the aqueduct could be constructed in 6 years approximately by 1200 workers, considering a supervision team of: 12 leaders and 100 high skilled workers (engineers). In addition, we assumed 60 people working on the logistics.



The above calculations assume continuous workers (24 h, four shifts) and perfect coordination. Therefore, an added time value should be considered.




5.7. Estimation of the Cost of Hadrianic Aqueduct


5.7.1. Daily Wage in the Roman Empire 1st c. AD


In order to evaluate the cost of the Hadrianic aqueduct, we have to take a closer look at the wages in the Roman Empire around 1st c. AD. [103,104].



In “The Cost of Living in Roman Egypt” [105], West approached the wages in Ancient Egypt with drachma. In his recent study, Van Heesch estimated 1 drachmae = 0.25 silver denarii = 1 sestertius = 4 asses; 1 drachmae = 6 obols [106]. Other rates of these currencies based on archeological inscriptions have been proposed, but they do not end up in logical results [107].



The unit of volume in ancient Rome was the modius. According to the elder Pliny, a modius of wheat weighed 6.5–7 kg [108]. One atrabae was equal to 4.5 modius [109].



West estimates the cost of one kg of wheat in ancient Egypt approximately 1.15 asses. Williams [110] referred to that the price per kg in Egypt was the lower price in the Roman Empire and estimated as about 1.38 asses, where the wheat price per kg in Italy was 1.83 asses. Cavaignac [111] estimated the average cost of wheat in the Roman Empire during the first century at 3 sestertii per modius or 1.37 asses per kg.



An interesting fact is that, from the earliest times, the supply of wheat in Rome was considered one of the duties of the government. In 123 AD, C. Sempronius Gracchus brought forward the first Lex Frumentaria, by which each citizen was entitled to receive every month a certain quantity of wheat at the price of 1.1 asses for kg (much lower than the price markets in Rome) [109].



Between several estimations of wealth and wages in different eras in the Roman Empire [112], we adopted the values referred to in the period of construction of the Hadrianic aqueduct [105,106,113,114,115,116,117,118,119,120,121,122] (Table 2 and Figure 27). We also adopted the values referred to in the New Testament, which was written around this period [1] (Matthew 20:2; Κατά Ματθαίο 20:2):




καὶ συμφωνήσας μετὰ τῶν ἐργατῶν ἐκ δηναρίου τὴν ἡμέραν ἀπέστειλεν αὐτοὺς εἰς τὸν ἀμπελῶνα αὐτοῦ. (He agreed to pay them a denarius for the day and sent them into his vineyard)
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Table 2. Daily wages in asses and wheat in Rome Empire 1st c. AD [105,106,113,114,115,116,117,118,119,120,121,122].






Table 2. Daily wages in asses and wheat in Rome Empire 1st c. AD [105,106,113,114,115,116,117,118,119,120,121,122].





	Type of Work
	Daily Wage (Assarius)
	Daily Wheat Wage (Liters)





	Messenger
	4.7
	3.4



	Haruspex (fortune teller)
	5.2
	3.8



	Average pay of laborer in Pompeii
	8.0
	4.4



	Lecturer
	6.3
	4.6



	Skilled miners in rural Dacia
	10.0
	5.5



	Secretary
	7.9
	5.7



	Farm laborer
	7.2
	6.3



	Ox drivers
	8.5
	7.4



	Legionary Soldier (Private)
	13.2
	7.6



	New Testament, Matthew (Κατά Ματθαίο) 20:2)
	16.0
	11.6



	Contractor for ox drivers
	17.1
	14.9



	Contractor in charge of water works
	21.3
	18.6



	Praetorian (guard in Rome)
	31.5
	22.9



	Legionary Soldier (Centurion)
	157.38
	114.49
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Figure 27. Visualization of Table 1. Daily wages in wheat in the Roman Empire in the 1st c. AD. 
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5.7.2. Coinage in the Roman Empire 1st c. AD


In the beginning of the first century, Roman denarius had 100% purity and 3.9 g weight [122]. A brief review of the denarius’ history in 1 c. AD was given by Butcher and Ponting in their paper “The Beginning of the End? The Denarius in the Second Century” [123]:




…in about AD 64, Nero reduce its weight [3.45 g] and issued it at about 80% fine. In AD 68 he raised the silver content to 90% but continued to use the reduced weight of about 3.45 g. The following year, during his conflict with Vitellius, Otho lowered the finesses back to 80% when it stayed until AD 82, when Domitian again issued denarii made of pure silver bullion. In AD 85 Domitian reduced it back to the revised Neronian standard of 90% where it stayed until AD 99. In this year, Trajan lowered silvers’ purity back to the first Neronian standard to 80%…. The rein of Hadrian is generally regarded as a period without changes to the coinage, with the denarius remaining at the Trajanic standard, or else falling very slightly below it.





The visualization of this paragraph is given in Figure 28. Hadrian silver denarius contains about 2.59 g silver.





5.8. The Cost of Hadrianic Aqueduct in Cotemporary Prices and the Cost with Modern Technologies


In order to simulate the quantification of today’s values to antiquity in the same place of the Hadrianic aqueduct construction, we studied the daily wages in modern Greece (2021). Today, the minimum wages in Greece are formulated by the Greek Laws 4046/2012, 6/28-2-2012 and the interpretative circular 4601/304/12-3-2012 [124], with recent adaptations [125], which determine the minimum worker’s daily wage between 29.62 EUR and 38.51 EUR. It is estimated that the average wage is 54.32 EUR. According to global price markets with minimum wage, one could buy 0.02 oz of gold, 1.35 oz of silver, 0.41 barrels of oil or 150 kg of wheat. Even the prices of metals are stable; unfortunately, the prices of gas and wheat differ from the prices of oil and wheat in global markets [126]. Adopting the local market price, the average daily wheat wage corresponds to about 54 kg of wheat.



Analyzing the labor hours, we estimate that 1,650,000 daily wages were needed for the digging and coating of the wells and the aqueduct. For this daily wage, we adjusted the daily wage of a skilled miner. In addition, we considered daily wages for: leaders of the construction’s site equal to Centurion, highly skilled workers (engineers) equal to contractors in charge of waterworks and people working on logistics equal to the average pay of laborers in Pompei.



	
The cost of the Hadrianic aqueduct in wheat wages in antiquity was estimated to be about 14,250,000 kg. The cost in denarius was estimated at about 1,450,000 and, in silver, was estimated at about 3800 kg. Note that the costs of tools, animals and supplementary sources were not included.



	
In today’s prices in Greece (February 2022), the wheat wages of antiquity (14,250,000 kg) cost about 7,150,000 EUR, and the wages in silver (3800 kg) cost about 2,500,000 EUR.



	
If we constructed the Hadrianic as in antiquity, but paying with modern daily wages (in 2021 Greek prices), the cost would be more than 80,000,000 EUR for wages.



	
If the aqueduct would be constructed with modern ways, the cost would be about 20,000,000 EUR.








6. Access to Water: From Antiquity to Contemporary World


According to Mays [127], the water consumption in ancient communities that had no direct access to a water resource was estimated as 10–20 L/cap/d and, especially for the city of Jerusalem in 1000 BC, was estimated as 20 L/cap/d. A minimum requirement of 40 L/d per household resulted from the legislation of Solon [128] in the beginning of the 6th century BC [71].




“Since the area is not sufficiently supplied with water, either from continuous flow rivers, or lakes or rich springs, but most people used artificial wells, Solon made a law, that, where there was a public well within a hippicon, that is, four stadia [710 m], all should use that; but when it was farther off, they should try and procure water of their own; and if they had dug ten fathoms [18.3 m] deep and could find no water, they had liberty to fetch a hydria (pitcher) of six choae [20 L] twice a day from their neighbours; for he thought it prudent to make provision against need, but not to supply laziness.”





In Ancient Rome, total water consumption was estimated as 14,018 quinariae (about 550,000 m3) per day. The domestic consumption in these lower class neighborhoods was estimated as 85 L/day per capita, but in addition, the lower classes also had access to public water consumption (baths, fountains and battleships), which corresponded to another 200 L/day per capita [129].



Several estimations can be found in the literature that correlate the area of the city with population in capita per hectare (population density) [130]. Indicative were: Ancient Mesopotamia, 300–500 people/ha [131]; Alexandria, 326 people/ha (estimated by the descriptions of Diodorus Siculus [132]); Pompeii, 160 people/ha [133]. Russel [134] noted that the population density of most ancient settlements would have been “about 100–120 persons per ha”, although he acknowledged that some settlements might have had up to 200 people per ha. In Medieval Europe, the density was estimated to be about 100–200 people/ha [134]. According to the Hippodameian system in Piraeus, a block of eight residences in the Hellenistic period with total 40 dwellers had an area of 0.2 ha. That gives a population density of 200 people/ha [135]. Hanson and Ortman estimated average population densities of 1st AD for about 180 people/ha [136]; however, we estimated the population density of Athens as 429 people/ha.



Morris [137] held that, by 150 BCE, Athens had declined to less than 10,000 inhabitants. Others hold that 10,000 is too low and suggest that Athens in Roman times may have had up to 20,000 inhabitants [138]. Russell et al. estimated that the population in Athens in 1 AD was about 25,000 inhabitants [139].



Archeological evidence shows that the area of the City of Athens in the Roman period was 234 ha (about 200 ha if we exclude public places such as Acropolis and Agora) (Figure 29). Piraeus (the city nearby), therefore, considering the population density by the Hanson and Ortman estimations, we assumed the possible range of Athens inhabitants between 36,000 and 85,800 people.



When it was fully functional, the Hadrianic aqueduct even during dry periods transferred daily at least 10,000 m3 [67]; therefore (excluding the so-called Peisistratean (Hymettus) aqueduct and wells), we could consider that the water footprint for the consumption of domestic uses of an Athenian was between 42 and 101 m3/year per capita. Interestingly, about two billion people have less available water for domestic uses than the minimum water level assumed for the Athenians in the early 2nd century (Figure 30).




7. Conclusions


We showed that wealth as the GDP per capita is a prosperity of humanity that increases the life expectancy. However, true wealth is the availability of the WEF, which is also related to the life expectancy and GDP, showing that the coverage of real needs is what prosperity is. A data analysis confirmed our hypothesis.



We also showed that the values of the commonly used symbols of wealth (gold and silver) changed throughout history by social issues, as the demand for gold and silver can vary wildly with a fixed supply, which can lead to equally wild swings in their prices.



Therefore, we estimated the values of wages in antiquity and the present as wages in wheat which are an important cross-cultural comparison of economic wellbeing. Analyzing global data, we showed that about 1.4 billion people live in present under the average lower wages in antiquity.



We know that humanity hunts real wealth (WEF), with large-scale infrastructures and economies of the scale making this more efficient.



In the presented a case study that we consider a great large-scale infrastructure in antiquity: the Hadrianic aqueduct.



We described the frame of the social conditions when the Hadrianic aqueduct was build. An analytical technical description with volumes of excavations and coating areas was also presented.



Assuming the same technological methods for underground projects as in ancient Laurion mines, we gave a first estimation of the total humans needed in the efforts for the construction. The estimated value was about 2,000,000 labor days for different specialties. Inspecting the social aspects and salaries in the Roman era, we assumed the stratification and the organization of the construction site.



We made an optimum hypothetical construction site, and we organized the workers in shifts as continuous workers (24 h constantly).



According to our approach, we found that the maximum number of laborers that could work on this construction should be about 4000 people and will end the construction in less than two years. However, in the literature, it is referred that the time of construction is between 6 and 15 years. We estimated that the aqueduct could be constructed in 15 years approximately by 500 workers or in 6 years approximately by 1200 workers.



Analyzing the daily wages of different specialties, we estimated that the total daily wages for the construction of the Hadrianic aqueduct in antiquity in wheat was 14,250,000 kg, and silver was 3800 kg. However, we did not include the costs of tools, animals and supplementary sources. We estimated that, using today’s prices in Greece (February 2022), the wheat wages of antiquity (14,250,000 kg) cost about 7,150,000 EUR, and the wages in silver (3800 kg) cost about 2,500,000 EUR. Further research could examine the project funding scheme in antiquity.



Finally, we showed that the Hadrianic aqueduct changed the life of Athenians, giving them daily at least 10,000 m3. We investigated the range of the population in Roman Athens, and we estimated a range of the water footprint of the consumption of domestic use per Athenian. We found that, according to the global standards, there are about two billion people with less water footprint for consumption of domestic uses than the minimum water footprint of an Athenian in the Roman era.



Overall, we showed that, with present technological innovations, the cost of the Hadrianic aqueduct would be less than in antiquity. However, we noted that humanity has not made great progress in the last 2000 years, as about one-third of the population lives with less food and water than Athenians during the Roman era.
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Figure 1. Life expectancy related to GDP per capita per year [6]; global average (1870–2011) and 172 countries’ average data (2016) [7] and UK data (1600–2013) [8]. 
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Figure 2. Life expectancy related to daily caloric supply; global average (1965–2011) and 172 countries’ average data (2016) [11] and UK data (1600–2013) [6,8]. 
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Figure 3. Life expectancy related to annual energy consumption per capita; global average (1965–2011) and 172 counties’ average data (2016) [6,18]. 
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Figure 4. Life expectancy related to access to drinking water [21], and the annual water footprint of the consumption of domestic blue water per capita (1996–2005) [6,22,23]. 
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Figure 5. (a) Values of gold [29]. (b) Values of silver [30]. (c) Gold-to-Silver ratio. 
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Figure 6. (a) Values of gold, silver and oil; (b) ratios of gold, silver and oil [35]. 
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Figure 7. Average wheat wages of unskilled laborers in preindustrial societies. 
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Figure 8. (a) Values of gold, silver, oil and wheat, (b) Gold to wheat ratio, silver to wheat ratio, oil to wheat ratio [29,30,46]. 
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Figure 9. Average wheat wages (2016) related to the average wheat wage of an unskilled laborer in antiquity. Data are presented as an order of magnitude. 
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Figure 10. (a) Hadrian January 76–10 July 138 AD. (b) Arch of Hadrian in Jerash, Transjordan, built to honor Hadrian’s visit in 130 [62]. 
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Figure 11. (a) Location of Greece. (b) Location of Athens. 
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Figure 12. The function of the aqueduct. 
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Figure 17. (a) Tunnel of the so-called Peisistratean (Hymettus) aqueduct. (b) Well of the so-called Peisistratean (Hymettus) aqueduct. 
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Figure 18. (a) Tunnel of the Hadrianic aqueduct. (b) Well of the Hadrianic aqueduct. 
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Figure 19. The continuous worker. 
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Figure 20. The modules of the aqueduct. 
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Figure 21. Well digging. 
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Figure 22. Well coating. 
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Figure 23. Tunnel digging. 
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Figure 24. Tunnel coating. 
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Figure 25. Linear construction, where the aqueduct is under the groundwater horizon. 
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Figure 26. Indicative Gant chart of the duration of a module. 
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Figure 28. Silver weight in one denarius during the 1st and beginnings of the 2nd century AD. The period of Galba, Otho and Aulus Vitellius is depicted with green. 
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Figure 29. Athens in the Roman era. Data adapted by [140] to Google Earth [71]. 
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Figure 30. Footprint of the annual consumption of domestic water per capita (1996–2005) [22,23]. 
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Table 1. Technical characteristics of the so-called Peisistratean (Hymettus) and Hadrianic aqueducts.
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	The So-Called Peisistratean (Hymettus)
	Hadrianic





	Construction period
	6th–4th century BC
	2nd century AD



	Type of function
	Draining tunnel
	Draining tunnel



	Beginning of water supply
	Fed from Hymettus springs and lateral aqueducts
	Fed from Parnitha springs and lateral aqueducts



	Length
	8 km
	20 km



	Maximum depth
	14 m
	41 m



	Operation
	Sustainable operation (irrigation of National Garden 1875–present)
	Sustainable operation (Modern Athens water supply 1870–1976)
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